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The approximately 225-km2 Desolation study area lies at the northern end of the 
Sierra Nevada batholith, southwest of Lake Tahoe. The area is underlain by early- to 
middle-Jurassic metasedimentary and metavolcanic rocks of the Mount Tallac pendant, 
a group of middle-Jurassic plutonic rocks, and several Cretaceous plutons. Extensive 
glaciated exposures and a diversity of igneous lithologies ranging from leucogranite to 
anorthosite ideally suit the area for geologic and remote sensing studies.
Among Jurassic plutons is the Crystal Range suite, which includes the Pyramid 
Peak leucogranite and numerous consanguine dioritoid bodies, hybrid rocks, and 
microdiorite dikes. Dioritoid and leucogranite magmas interacted as demonstrated by 
field (lobate contacts, composite dikes, hybridization), petrographic (ocellar quartz, 
rapakivi texture, acicular apatite), and geochemical evidence (Harker diagrams, variation 
across contact zones). Low initial 87Sr/86Sr ratios indicate a mantle origin for dioritoids; 
a range of higher ratios in leucogranite suggests melting of an isotopically diverse crust. 
Alignment of the Crystal Range suite, dioritoid bodies, and foliation patterns with regional 
structural trends in metamorphic rocks suggests emplacement was influenced by geologic 
structures. The Crystal Range suite was among the earliest plutonic units to invade 
metamorphic rocks. A U-Pb zircon age from Pyramid Peak leucogranite is 164±7 Ma.
A model is proposed in which crustal anatectic leucogranite magma is generated 
by underplating of mafic magma from the mantle. Faults and shear zones provide 
conduits for concomitant ascent and interaction of mafic and felsic magmas early in a
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plutonic cycle. As plutonism continues, melting and magmatic interaction in the lower 
crust generate large volumes of intermediate magma. Thermal softening produces a more 
ductile crust, allowing ascent of large diapiric plutons. Other mafic-felsic suites in the 
Sierra Nevada batholith intrude metamorphic rocks and are surrounded by younger plutons 
as predicted by the model.
Thermal Infrared Multispectral Scanner imagery led to discoveries of a large mafic 
body, obscured by vegetation, and a silicic facies of a mafic granodiorite and allowed 
discrimination of plutons according to composition. Correlation of wavelengths of 
emittance minima with pluton compositions produced images that semiquantitatively 
depict variation in Si02, SCFM, quartz, and hornblende content.
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"There are in Iceland, and probably in almost all the great 
volcanic systems as well, two principal groups of rocks that 
are easy to recognize when they are isolated, which unite 
with each other in all possible proportions. These are the 
normal trachytic rocks on the one side and the normal 
pyroxenic rocks on the other."
-  Robert Wilhelm Eberhard von Bunsen, 1853
MAGMATIC INTERACTION1 IN THE SIERRA NEVADA BATHOLITH
Bunsen (1853) first suggested mixing of basaltic and rhyolitic magmas to explain 
the range of compositions observed in lavas from an Icelandic volcanic field. Durocher 
later expanded this idea to say that all igneous rocks are hybrids of two primary 
worldwide magmas (Carmichael and others, 1974). As petrographic knowledge of 
igneous rocks grew, it became apparent that the simple mixing of two end members could 
not explain the wide range of igneous mineral assemblages. The theory of magmatic 
differentiation by fractional crystallization advanced by N.L. Bowen (1928) effectively 
put an end to magma mixing hypotheses. So elegant and powerful was Bowen’s theory 1
1 The term "magmatic interaction" includes all aspects of the interplay of two 
magmas. "Magma mixing" denotes the formation of a single homogeneous hybrid magma 
from two interacting magmas. "Magma mingling" describes the formation of a 
heterogeneous composite of two magmas which may form banded or enclave-bearing 
rocks.
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in explaining the diversity of igneous compositions that, for many petrologists, no other 
explanation was conceivable. In the years that followed, magma mixing was only 
proposed to explain rare and isolated occurrences that departed from the norm of 
fractional crystallization.
Early geologic investigations of the Sierra Nevada batholith relied on fractional 
crystallization models to explain its compositional diversity. In 1945, the U.S. Geological 
Survey and the California Division of Mines and Geology began a geological study of 
tungsten districts in the east-central part of the Sierra Nevada batholith. This project 
evolved into an investigation of the batholith itself, during which fifteen 15-minute 
quadrangles were mapped in detail and several more in reconnaissance, defining a 145- 
km-wide belt across the central Sierra Nevada. Many important discoveries about the 
nature of batholiths were made, but there was little innovation in the interpretation of the 
genesis, diversity, and compositional variation of magmas whose crystallized products 
comprise the batholith. These questions were addressed in terms of classical fractional 
crystallization theory.
During the 1960s and 1970s, several lines of research led petrologists to look at 
batholiths in new ways. The most important advance was the realization that magmas 
that form batholiths originate by melting of crustal and mantle rocks in subduction zones. 
Radiometric dates from the Sierra Nevada batholith were found to cluster in discrete 
intrusive epochs, indicating episodic magmatism, and a number of intrusive suites were 
defined (Evemden and Kistler, 1970; Stem and others, 1981). The best documented of 
these is the Tuolumne intrusive suite in the Tuolumne Meadows area of Yosemite
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National Park (Bateman and Chappell, 1979). In most intrusive suites, there is a 
progression from older mafic rocks to younger felsic rocks, consistent with fractional 
crystallization, but in many areas associated mafic and felsic rocks were found to be 
coeval. Petrographers and petrologists from all continents began to accumulate abundant 
field, petrographic, and geochemical evidence that magmas do interact (e.g., Walker and 
Skelhom, 1966; Yoder, 1973). Didier (1973) and Vernon (1984), for example, interpreted 
mafic enclaves in granitoids as blobs of mafic magma quenched in a cooler, more felsic 
magma, and Hibbard (1981) ascribed a magma-mixing origin to rapakivi texture. Melting 
experiments and phase equilibria studies such as those carried out by Wyllie and his 
coworkers at the University of Chicago (Wyllie, 1984) showed that magmas of widely 
different compositions can be generated at different depths at the same time in a 
subduction zone. These and other lines of study led petrologists to the view that if 
magmas of different compositions can coexist at the same time, they must under certain 
circumstances interact The old idea of magma mixing had been resurrected in a new 
form.
A paper by Reid and others (1983) was a watershed for new thinking about the 
Sierra Nevada batholith. They described two sets of mafic dikes that invaded the El 
Capitan granite in Yosemite National Park and presented compelling evidence that they 
interacted strongly with the host alaskite magma. Their findings suggested that interaction 
of mafic and felsic magmas was an important process in the evolution of the Sierra 
Nevada batholith. Other papers that followed provided further evidence of magmatic 
interaction in the Sierra Nevada batholith (Hibbard, 1984; Furman and Spera, 1985;
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Kistler and others, 1986; Frost and Mahood, 1987; Reid and Hamilton, 1987; Sawka and 
Ryerson, 1989).
The current view of most researchers is that magmatic interaction did play a role 
in the evolution of the Sierra Nevada and other batholiths. There is considerable 
disagreement about the significance of that role, however. One group observes that 
unequivocal examples of magma mixing are rare, and the process must occur only locally 
and under unusual conditions. The opposing group argues that magma mixing plays a 
critical role in the evolution of batholiths, pointing out that homogenization and 
equilibration of two magmas destroys evidence that the process occurred and that the 
same laws of phase equilibria govern both magma mixing and fractional crystallization. 
Evidence often cited as proof of fractional crystallization is also consistent with magma 
mixing as well.
OBJECTIVES AND SCOPE
As a further contribution toward understanding the role of magmatic interaction 
in the development of the Sierra Nevada batholith, this dissertation documents a study of 
a plutonic assemblage in which dioritic and alaskitic magmas mingled and mixed on a 
grand scale. This rock assemblage, herein named the Crystal Range suite, is located near 
the northern end of the Sierra Nevada batholith about 16 km west southwest of the 
southern end of Lake Tahoe, California (Fig. 1-1). The suite is spectacularly exposed 
along the crest of the Crystal Range in extensive glaciated outcrops that are virtually 
unweathered and devoid of significant vegetation and soil cover.
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Figure 1-1: Location map of the Desolation study area.
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During the course of this study the Crystal Range suite was mapped in detail and 
extensively sampled for geochemical, modal, and isotopic analysis with the intent of 
establishing its age and history, mode of emplacement, and the mechanisms and extent 
of magmatic interaction. Findings were then applied to other mafic-felsic suites in the 
Sierra Nevada to determine if a single genetic model can be applied universally.
Remote sensing was an integral part of this study. It was useful not only as a 
basis for reconnaissance mapping of the Crystal Range suite and adjacent areas, but as 
a means of discriminating igneous rocks on the basis of their chemical and mineralogical 
composition as well. As part of ancillary remote sensing studies and as a means of 
establishing geologic context, a larger, 200-km1 2 area, herein referred to as the Desolation 
study area, was examined and sampled in reconnaissance (Fig. 1-1). The remote-sensing 
aspects of this study are addressed in Appendix B.
SCIENCE QUESTIONS ADDRESSED
The following major science questions were addressed during this study of the 
Crystal Range suite and surrounding granitoids.
(1) What are the geometry and spatial relationships of the Pyramid Peak granite, 
dioritoid bodies, hybrid rocks, and microdiorite dikes in the Crystal Range suite?
(2) What field, petrographic, and geochemical evidence documents magmatic 
interaction in the Crystal Range suite?
7
(3) What are the ages and relative timing of plutonic events in the Crystal Range 
Suite and surrounding granitoids?
(4) Is there evidence that structural/tec tonic controls influenced the emplacement of 
the Crystal Range suite?
(5) How did the granitic, mafic, and hybrid magmas originate?
(6) Can a genetic model be developed that explains the emplacement of the Crystal 
Range suite in terms of magmatic interaction and structural/tectonic controls?
(7) Can such a genetic model be extended to other mafic-felsic suites in the Sierra 
Nevada batholith?
The following additional science questions were addressed as part of ancillary 
remote sensing studies.
(8) What is the utility of Thermal Infrared Multispectral Scanner (TIMS) imagery in 
discriminating granitoids?
(9) How does Landsat Thematic Mapper (Landsat TM) imagery compare with TIMS 
in its ability to discriminate granitoids?
EXPERIMENTAL APPROACH
In order to address the scientific questions listed above, the following methodology
was undertaken:
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(1) The Crystal Range suite was mapped at a scale of 1:8,000 on color aerial 
photographs, using TIMS and Landsat imagery as mapping aids. Special note was 
taken of internal and external contact relations, compositional and textural 
variation, textural and other evidence documenting magmatic interaction, and rock 
fabrics.
(2) Thirty-five samples were collected from the Crystal Range suite and chemically 
analyzed for major and trace elements, modally analyzed, and described 
petrographically.
(3) Potassium-argon cooling dates were obtained on biotites from the Pyramid Peak 
granite, an associated dioritoid, and a younger granodiorite (Desolation Valley 
granodiorite). A U-Pb age was also obtained on zircon from a sample of Pyramid 
Peak granite.
(4) Rb-Sr isotope data were obtained from 24 samples from the Crystal Range suite 
and other plutons in the Desolation study area in order to gain information about 
sources of magmas and possible ages.
(5) Field, petrographic, chemical, and isotopic data were integrated into a genetic 
model that takes into account magmatic sources, ascent, emplacement, and 
interaction, and considers the influence of geologic structure on emplacement of 
the Crystal Range suite.
(6) Mafic-felsic suites in other parts of the Sierra Nevada batholith were examined in 
the light of the model developed for the Crystal Range suite to test its general 
applicability.
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In order to meet objectives of the remote sensing aspects of the study, the
following methodology was employed:
(7) Samples were collected from seven plutons in addition to the Crystal Range suite, 
with special care taken to sample exceptionally well-exposed areas that could be 
identified on remotely sensed imagery. Samples were chemically and modally 
analyzed and laboratory visible, near-infrared, and thermal infrared spectra were 
measured.
(8) Landsat TM and TIMS data were processed by a variety of techniques and 
resulting images were compared visually to geologic maps of the study area.
(9) Emissivity spectra were retrieved from calibrated TIMS data for pixels 
corresponding to sample sites and compared to modal and chemical data and to 
laboratory spectra.
(10) A Gaussian curve-fitting technique was applied to TIMS emissivity spectra to 
create images that characterize the position of emissivity minima and depths of 
absorption features. Correlations of minimum wavelength values with modal and 




GEOLOGY OF THE DESOLATION STUDY AREA
"The rocky summits, split and rent,
Formed turret, dome, or battlement,
Or seemed fantastically set,
With cupola or minaret."
— Sir Walter Scott, Lady of the Lake 
LOCATION AND PHYSIOGRAPHY
The Desolation study area covers approximately 200 km2 at the crest of the Sierra 
Nevada southwest of Lake Tahoe (Fig. 1-1). The physiography of the area is typical of 
glaciated alpine regions with steep-sided valleys, cirque basins, and numerous tarn lakes. 
Desolation Valley1, which occupies the center of the area, was the site of an immense 
Pleistocene ice field from which emanated several glaciers that carved Rockbound Valley 
and the valleys occupied by Echo and Fallen Leaf lakes. These valleys are flanked by 
mountain ranges with peaks in excess of 3,000 m. Total relief is on the order of 1,600 
m.
The Crystal Range occupies the portion of the study area that lies west of 
Desolation and Rockbound Valleys. The range is a glacially carved, north-northwest- 
trending ridge whose crest ranges in elevation from 2,615 m at Rockbound Pass to 3,043 
m at Pyramid Peak. Major mountain peaks along the range include Mount Price, 3,040
‘Locality names in this dissertation can be found on Figures 1-1, 2-2, or Plate 1.
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m, and an unnamed peak once known as Mount Agassiz, 3,038 m. A mountain known 
to local inhabitants as Crystal Peak rises to 2,878 m and is notable for veinlets of clear, 
well-terminated quartz crystals in Pyramid Peak granite. The range derives its name from 
this locality. The Crystal Range is terminated to the south by the American River Valley 
and extends northwest about 27 km to Loon Lake Reservoir.
Most of the Desolation study area is underlain by glaciated rock surfaces that are 
virtually barren of vegetation and soil cover (Fig. 2-1). Heavily timbered and brushy 
areas are confined to areas of glacial till, outwash, and fluvial deposits below 2,100 m. 
Whitebark pine is the dominant variety of tree in the area; cedar, tamarack, and fir trees 
grow in stands in some cirque basins and on glacial moraines. Ground covers include 
manzanita, various woody shrubs, and grasses.
Access is facilitated by a good system of foot trails maintained by the U.S. Forest 
Service. Trails extend to most of the cirque basins on the western side of the Crystal 
Range from trailheads at Wrights Lake and Lyons Creek. Trailheads at Echo Lake and 
Fallen Leaf Lake provide access to Desolation Valley and the eastern slope of the Crystal 
Range, and trails from Emerald Bay on Lake Tahoe access the northern part of the region. 
Most parts of the range can be traversed cross-country with little difficulty except at the 
highest elevations. Because the area lies within the Desolation Wilderness, motorized 
vehicles and mountain bicycles are not permitted.
m m
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Figure 2-1: Top: View southeast from near the top o f the Crystal Range toward Desolation Valley and 
Lake Aloha. Bottom: View west toward the Crystal Range from north shore of Lake Aloha.
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PREVIOUS STUDIES
Modem geologic studies of the Crystal Range and surrounding area began with 
Lindgren’s (1896, 1897) reconnaissance map and description of the Pyramid Peak 30- 
minute quadrangle which included descriptions and partial chemical analyses of plutonic 
rocks from the study area. Peickert (1958) mapped part of the Mount Tallac roof pendant 
and later studied three-dimensional specific gravity and mineralogical variation in the 
Glen Alpine granodiorite (Peickert, 1962a, b). Loomis (1961) mapped the Fallen Leaf 
Lake 15-minute quadrangle which includes the study area. He named and described the 
principal plutonic and metamorphic map units in the area, documented their field and age 
relationships, and provided chemical and modal data on rocks in the area. He later 
published works on the noritic anorthosite of the Eagle Falls complex (Loomis, 1963) and 
on contact metamorphism in the Mount Tallac roof pendant (Loomis, 1966). Loomis’ 
mapping and descriptions were later included in his geologic map of the Fallen Leaf Lake 
quadrangle (Loomis, 1983). Dodge and Fillo (1967) reviewed the economic mineral 
potential of the Desolation Wilderness. Fisher (1989, 1990) mapped and described 
structural and stratigraphic relationships in the Mount Tallac roof pendant adjacent to the 
Crystal Range.
The earliest descriptions of the glacial geology were made by LeConte (1875), 
who noted striated and polished outcrops, moraines, and other landforms associated with 
the Fallen Leaf Lake, Cascade Lake, and Emerald Bay glaciers which extended eastward 
from the Desolation Valley and Mount Tallac areas into the Lake Tahoe basin. 
Blackwelder (1931) defined four glacial stages in the eastern Sierra Nevada, the latest of
o
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which was the Tahoe stage named for glacial features along the west side of Lake Tahoe. 
McAllister (1936) and Birkeland (1964) extended and refined Blackwelder’s stages in the 
Lake Tahoe region. Loomis (1983) noted the extent of glaciation in the Fallen Leaf Lake 
quadrangle but, to date, there has been no definitive work on the glacial history of the 
area.
GENERAL GEOLOGIC RELATIONS
The Desolation study area is underlain by three lithotectonic units. The oldest is 
an island-arc-related sequence of upper Triassic (?) and lower Jurassic metasedimentary 
and metavolcanic rocks in the Mount Tallac pendant A series of Jurassic granitoids that 
intrude the pendant comprise the second unit. The third unit consists of Cretaceous 
granitoids. Figure 2-2 illustrates general geologic relations within the study area.
Mount Tallac Pendant
The Mount Tallac roof pendant extends 14.5 km northwestward from Fallen Leaf 
Lake to the northern end of the Crystal Range (Fig. 2-2). Glaciated surfaces expose some 
fresh outcrops of metavolcanic rocks, but most are covered by rubble and talus. 
Metasedimentary rocks tend to be obscured by rubble and soil. Vegetation is sparse over 
most of the pendant (Fig. 2-3).
About 4,400 m of Jurassic metasedimentary and metavolcanic rocks are preserved 
in the pendant (Fig. 2-4). The Sailor Canyon Formation, which forms the lower portion
15
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Figure 2-2: Generalized geologic map and cross section of the Desolation study area. Modified from 
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Figure 2-2 (continued): Generalized geologic map and cross section of the Desolation study area. Modified 
from Loomis (1983) and Fisher (1989).
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Figure 2-3: View north from Keiths Dome toward the Mount Tallac pendant Variegated outcrops in the 
left half are of the Sailor Canyon Formation and associated mafic intrusions. Dark outcrops 
in the right half are of the Tuttle Lake Formation.
Figure 2-4: Stratigraphic column of the Mount Tallac pendant (from Fisher, 1990).
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of the sequence, consists of about 1,500 m of marine quartzofeldspathic, quartzose, and 
calcareous turbidites which rest conformably on upper Triassic (?) limestone. Fisher 
(1989,1990) divided the Sailor Canyon Formation in the Mount Tallac pendant into three 
units: a lower unit of interbedded quartzofeldspathic sandstone, carbonaceous siltstone, 
and calcarenite; an intermediate unit of slightly calcareous, quartzose sandstones 
interbedded with dark siltstones which are overlain by laminated, carbonaceous, and 
pyritic feldspathic sandstones; and a more volcanogenic upper unit of lenticular 
feldspathic turbidites, tuffaceous sandstones, and tuffaceous lithic sandstones with rare 
volcanic pebbles. Ammonites from the lower unit have been assigned an early Jurassic 
(late Pliensbachian) age (Fisher, 1989, 1990).
The Tuttle Lake Formation forms the upper part of the section. It consists of 
about 2,900 m of diamictite, conglomerate, andesitic lava flows, volcanic breccia, and 
volcanogenic sandstone which form part of a Middle- to Late-Jurassic island arc sequence. 
Fisher (1989, 1990) divided the Tuttle Lake Formation into five units. A basal unit of 
syntectonic diamictite rests with angular unconformity on the Sailor Canyon Formation 
and contains clasts derived from underlying strata and from a nearby volcanic center. The 
diamictite is overlain by a conglomerate unit of similar provenance. The remaining units 
consist of intercalated lenses of tuffaceous sandstone, volcanic breccias, and basaltic to 
andesitic lava flows.
The entire metasedimentary and metavolcanic sequence has been metamorphosed 
to the actinolite homfels facies. Metamorphic grade is raised to hornblende homfels and 
pyroxene homfels facies within 100 m of intrusive contacts, (Loomis, 1966, 1983).
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Numerous Middle- to Late-Jurassic hypabyssal dikes and intrusive bodies of 
diorite and gabbro intrude the western part of the Mount Tallac pendant Most occur 
within the Sailor Canyon Formation. These bodies consist of medium-grained seriate to 
porphyritic diorite and gabbro with phenocrysts of augite and plagioclase and mafic 
intrusive breccias with clasts of diorite, gabbro, uralitized pyroxenite, and some 
metasedimentary rocks. Some dikes appear to be feeders to lava flows in the upper Tuttle 
Lake Formation, and younger dikes along the eastern flank of Mount Tallac are coeval 
with ductile faulting (Fisher, 1989). Loomis (1983) noted the mafic bodies in the Mount 
Tallac pendant have finer-grained borders than interiors and that intrusions deformed 
bedding around them producing small to large contact aureoles. He included all of the 
mafic bodies within the Pyramid Peak granite with this group of intrusions on the 
assumption that they represented remnants that were included in the invading granitic 
magma. Results of this study, however, indicate the mafic bodies and enclosing Pyramid 
Peak granite are consanguine. Mafic intrusions in the pendant were probably emplaced 
shortly before the Pyramid Peak granite and were probably derived from the same magma 
source as the mafic bodies in the Pyramid Peak granite.
The layered rocks of the Mount Tallac pendant are gently folded into a broad 
anticline in the western part and a broad syncline in the eastern part (Loomis, 1983; 
Fisher, 1989). Faulting, however, is the chief mode of deformation in these rocks. 
Important faults include a ductile thrust with minor associated folds; three north-northwest 
trending, oblique, west-side-down, right-lateral, ductile faults; and an east-side-down, 
brittle, normal fault that separates Mount Tallac from the Lake Tahoe basin (Fisher,
2 0
1989). Fold hingelines and faults trend north-northeast, parallel to regional structural 
trends in the northern Sierra Nevada.
Jurassic Granitoids
The Mount Tallac pendant is flanked on its southern and northwestern sides by 
some granitoids which are distinctly older than others in the region, based on contact 
relations and outcrop pattern. These include, from oldest to youngest: the Keiths Dome 
mafic quartz monzonite; the Pyramid Peak leucogranite and associated mafic and hybrid 
bodies that comprise the Crystal Range suite; the Desolation Valley granodiorite; and the 
Camper Flat granodiorite (Fig. 2-2). A 164±7-MA U-Pb age on zircon from the Pyramid 
Peak granite and Rb-Sr isotope data from other plutons indicate a middle Jurassic age for 
these plutons.
A distinguishing characteristic of the older plutons is that they are cut by 
transverse, east-northeast-trending, microdiorite dikes that are perpendicular to the 
regional north-northwest-trending structural grain of their host plutons. These dikes 
apparently filled transverse extensional fractures which formed after cooling of the host 
plutons. Dikes are most abundant in the Crystal Range suite and Keiths Dome quartz 
monzonite and considerably less abundant in the Camper Flat and Desolation Valley 
granodiorites. No dikes are known to occur in Cretaceous granitoids.
Modal and chemical data from samples of Jurassic granitoids appear in Appendix 
A. Modal compositions and geochemical variations, excluding samples from the Crystal 
Range suite, are also represented in Figures 2-5 through 2-8.
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Cretaceous
Quartz ■ Azure Lake granodiorite
Figure 2-5: Modal compositions of plutonic rocks other than the Crystal Range suite.
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Keiths Dome Mafic Quartz Monzonite.
The Keiths Dome mafic quartz monzonite crops out over an area of 19 km2 
between Desolation Valley and Echo Lake (Fig.2-2). It intrudes the Sailor Canyon and 
Tutde Lake Formations on its northern side and is intruded by the Desolation Valley, 
Bryan Meadow, Echo Lake, and Glen Alpine granodiorites.
The pluton is unusual in many respects. It has a high mafic mineral content in 
relation to quartz. Two samples (520030 and 522038, Appendix A), containing 23.7 and 
19.6 percent quartz, have 18.6 and 17.1 percent total mafic minerals, respectively. 
Samples analyzed by Loomis (1983) have similar modes. It is the only granitoid in the 
area in which hornblende is more abundant than biotite. The rock is similar in its major 
element composition to the Desolation Valley granodiorite, being slightly less silicious 
and more potassic. It is metaluminous, as are most other plutons in the area (Fig. 2-6), 
but its composition, distinctly more tholeitic and alkalic, lies off the trend defined by 
other plutons in Figures 2-7 and 2-8.
The rock is a medium-grained, equigranular quartz monzonite consisting of white 
plagioclase, pale red microcline, primary and secondary quartz, hornblende, and biotite 
(Figs. 2-9, 2-10). Plagioclase (A q ,^ , Avg. An^) occurs in elongate, euhedral to 
subhedral laths which are weakly to moderately sericitized. Microcline is typically 
anhedral, interstitial to plagioclase, and non-perthitic.
Quartz has three modes of occurrence. About 35 percent of the quartz in 
specimens examined forms equant, interstitial grains that are typically clouded with tiny 
inclusions and divided into a mosaic of subgrains. About 60 percent of the quartz occurs
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Figure 2-9: Typical appearance of Keiths Dome quartz monzonite in hand specimen.
Figure 2-10: Photomicrograph of Keiths Dome quartz monzonite. Note vermicular to micrographic quartz 
which appears bright white, altered feldspars, and clotted mafic minerals. Field of view is 
7 mm.
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as clear, fine-grained blebs that form micrographic to vermicular intergrowths with 
microcline. This type of quartz probably formed in the latest stage of crystallization. 
About 5-10 percent of the quartz is secondary, occurring in thin veinlets and as isolated 
crystals replacing plagioclase. This quartz formed during an episode of recrystallization 
that may have accompanied shearing and/or emplacement of microdiorite dikes.
Biotite and hornblende occur together in fine-grained, ragged clots where the two 
phases are complexly intergrown. More rarely, these minerals form discrete, euhedral 
crystals as large as two millimeters. Magnetite, sphene, and zircon comprise the minor 
accessory minerals that occur with the mafic phases. Apatite forms stubby crystals in 
feldspars and in mafic clots.
Although Loomis (1983) defined the body as a mafic quartz monzonite, sample 
modes indicate it is a mafic granite to granodiorite2. This reflects a shortcoming of a 
classification that is based on only three phases and which ignores genetic considerations. 
The high mafic mineral content shifts the mode to a more quartzose composition in a 
quartz-plagioclase-alkali feldspar ternary plot (Fig. 2-5). Loomis’ designation is retained 
in this dissertation.
Outcrops of the Keiths Dome quartz monzonite are distinctly darker than most 
other granitoids due to its mafic composition and surface coatings (Fig. 2-11). The rock 
tends to be highly fractured (fracture spacings 5-15 cm), and outcrops tend to be strewn 
with rubble and more vegetated than most other granitoids. Unglaciated outcrops at the
2Rock nomenclature used in this dissertation follows the International Union of 
Geological Scientists classification given in Le Maitre (1989).
Q
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Figure 2-11: Top: View west from Echo Lake trail showing glaciated exposures of Keiths Dome quartz 
monzonite. Bottom: Typical rubble-strewn outcrop of Keiths Dome quartz monzonite at 
sample site 520030.
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top of Keiths Dome consist of angular rock fragments, as long as 30 cm, and are coated 
with brown and black oxides and lichen (Fig. 2-12).
The Keiths Dome quartz monzonite is transected by numerous microdiorite dikes 
(Loomis, 1983). Two dikes near the trail northeast of Tamarack Lake were examined and 
sampled in this study. One dike is 10.5 m thick, strikes N67°E, and dips 90°. This dike 
has a fine grained, porphyritic interior, with plagioclase phenocrysts as large as 3 mm, 
and chilled aphanitic margins. The second dike, about 500 m southeast of the first, is 1.2 
m thick, strikes N85°W, dips 90°, and is finer grained than the first because of its 
narrower width. Sample data from these dikes appear in Appendix A (518040 and 
523038).
The body is also cut by several ductile shear zones. One such zone of finely 
laminated my Ionite is exposed along the Echo Lake trail east of Tamarack Lake (Loomis, 
1983). It is about 3 m wide, strikes N30°W, and dips 85° southwest. Its lineation rakes 
50° northwest. Shapes of drag folds indicate sinistral movement.
Loomis (1983) assumed a Cretaceous age for the Keiths Dome quartz monzonite, 
but evidence indicates it is Jurassic. No other pluton has undergone the degree of 
shearing, alteration, and recrystallization that the Keiths Dome has, suggesting it is the 
oldest granitoid in the area. The potassic composition, low quartz content, pale red to 
purple anhedral potassium feldspars, and clotted mafic phases are common in granitoids 
of the Jurassic Cordilleran magmatic arc (Fox and Miller, 1990; Miller and others, 1982;
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Sylvester and others, 1978). Rubidium-strontium data from three widely separated 
samples from the Keiths Dome quartz monzonite, including one sample collected during 
this study (522038, Appendix A), plot on a 177 Ma isochron (Allen C. Robinson, written 
communication, 1991).
Crystal Range Suite.
The Crystal Range suite extends 13 km along the crest of the Crystal Range (Fig. 
2-2). It is bounded on all sides by younger granodiorites (Desolation Valley, Camper 
Flat, Bryan Meadow, and Wrights Lake) except at its northern end where it intrudes the 
Sailor Canyon Formation. The Pyramid Peak granite, associated dioritoids, hybrid rocks, 
and transverse microdiorite dikes comprise the Crystal Range suite. These rocks and their 
relationships are described in greater detail in Chapters III and IV.
Camper Flat Granodiorite.
The Camper Flat biotite-homblende granodiorite is exposed over 25 km2 in the 
northern part of the study area (Fig. 2-2). It intrudes the Mount Tallac pendant and 
Crystal Range suite on its southern border and is intruded by the Wrights Lake, 
Rockbound Valley, and Phipps Pass granodiorites on its other sides. Like other Jurassic 
plutons, it is transected by several microdiorite dikes (Loomis, 1983).
The rock is coarse-grained, equigranular, and somewhat more leucocratic than the 
Desolation Valley granodiorite (Fig. 2-13). A specimen from east of Lake Schmidell 
consists of rectangular, weakly zoned, euhedral to subhedral crystals of white oligoclase
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which comprise nearly half the volume of the rock. Interstitial microcline forms about 
15 percent; clear, equant quartz grains with undulatory extinction form about 25 percent. 
Discrete grains of biotite and hornblende comprise the remainder of the rock. Traces of 
magnetite and apatite also occur. Mafic enclaves are abundant. No modal or chemical 
data were obtained during this study, but Loomis (1983) provided data on six samples.
Desolation Valley Granodiorite.
The Desolation Valley granodiorite crops out over an approximately 25 km2 area 
that includes nearly all of Desolation Valley (Fig. 2-2). It forms an elongate, northwest­
trending pluton that intrudes the Mount Tallac pendant at its northern end and the Crystal 
Range suite and Keiths Dome quartz monzonite on its western and eastern sides, 
respectively. At its southern end, it is intruded by Bryan Meadow granodiorite. 
Extensive glaciated outcrops expose light gray, fresh to slightly weathered granodiorite 
over most of the area of the pluton (Figs. 2-1, 2-14). Thin, weathered coatings tend to 
spall off, exposing fresh rock underneath. Soil and vegetative cover are sparse.
The unit is a medium-grained, equigranular biotite-homblende granodiorite that 
contains 25 to 30 percent quartz and has color indices between 11 and 17 (Fig. 2-15). 
White plagioclase, the predominant mineral, forms rectangular, euhedral to subhedral 
crystals that are often clustered together by blastesis. Crystals are well zoned with patchy 
cores of sodic laboradorite grading outward through one or more steps to rims of 
oscillatory oligoclase. Zoning patterns suggest a complex history of crystal growth with
Figure 2-14: Typical outcrop surfaces of Desolation Valley granodiorite. Both photos from near northern 
end of Desolation Valley.
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one or more hiatuses which might indicate disequilibrium events such as episodes of 
magmatic interaction. Microcline forms anhedral interstitial grains that poikilitically 
enclose euhedral plagioclase crystals indicating late growth. Quartz forms equant, clear 
grains showing slight undulatory extinction. Biotite and hornblende occur in discrete 
subhedral to anhedral crystals. Minor accessory minerals include allanite, zircon, sphene, 
magnetite, and apatite. Modal and chemical data from two samples appear in Appendix 
A.
Chemically, the Desolation Valley granodiorite is slighdy less siliceous than most 
other plutons, containing 66 to 67 percent Si02, but its composition plots within trends 
defined by other plutons in Figures 2-6, 2-7, and 2-8.
Mafic enclaves are abundant throughout most of the pluton. They are typically 
rounded to subrounded and often have lobate or cuspate shapes. In the areas sampled, 
enclaves range between 1 and 50 cm in diameter and number about 5-10/m2. Enclaves 
appear to be more numerous along the central axis of the pluton than near its contacts 
with older rocks. In the Channel Lakes area south of Lake Aloha, enclaves occur in a 
dense polygenic swarm in an area about 50 m across (Fig. 2-16). Here, at least three 
types of enclaves occur in close association with one another: (1) a fine-grained mafic 
type; (2) a slightly coarser-grained type with phenocrysts of white plagioclase; and (3) a 
more leucocratic type with diffuse boundaries. If enclaves are assumed to be chilled 
blobs of mafic magma quenched in cooler silicic magma, then their distribution in the

Desolation Valley granodiorite suggests a linear source, such as a dike, along the long 
axis of the pluton. Extensive mapping and measurements of enclave size and abundance 
are needed to confirm such a hypothesis.
In most parts of the pluton, there is a weakly defined N30°W foliation parallel to 
the elongation of the pluton. Loomis (1983) postulated that the Desolation Valley 
granodiorite was intruded in two stages on the basis of foliation patterns. The first stage 
was centered at the northern end of Lake Aloha; the second in the southern end of 
Desolation Valley. Loomis’ interpretation assumed foliations resulted from magmatic 
flow, but foliations may also reflect deformation of a partially crystallized magma.
As is the case in most granitoids in the study area, aplite and pegmatite dikes are 
rare. Loomis (1983) mapped two east-northeast-trending mafic dikes at the southern end 
of the pluton.
Cretaceous Granitoids
The Mount Tallac pendant and Jurassic granitoids are intruded by Cretaceous 
granitoids which include the granodiorite of Tyler Lake, Wrights Lake granodiorite, Eagle 
Falls complex, Dicks Lake granodiorite, Glen Alpine granodiorite, Echo Lake 
granodiorite, Bryan Meadow granodiorite, Lovers Leap granodiorite, and Phipps Pass 
granodiorite. With the exception of the noritic anorthosites of the Eagle Falls complex, 
all are granodiorites. Modal and chemical data from these plutons are given in Appendix 
A and are depicted graphically in Figures 2-5, 2-6, 2-7, and 2-8.
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Granodiorite of Tyler Lake.
A newly recognized rock unit, a portion of which was mapped as "miscellaneous 
granitic rocks" by Loomis (1983) is herein named the granodiorite of Tyler Lake. This 
5 km2 pluton lies athwart the crest of the Crystal Range where it intrudes the Crystal 
Range suite and Desolation Valley granodiorite (Fig. 2-2).
Exposures of the pluton are excellent, usually consisting of extensive surfaces 
defined by nearly flat-lying sheet joints that are only slightly weathered and sparsely 
vegetated (Fig. 2-17). Outcrops are nearly white and highly reflective in most places. 
Rounded, but not flattened, mafic enclaves are common and locally abundant, but in 
places they are absent. They range up to 1.2 m in diameter; most are 7 to 12 cm. Aplite 
dikes are more common than in other granitoids but are not abundant. Most are 15-30 
cm wide and as long as 60 m. Foliations are very weak to absent except adjacent to 
contacts.
The rock is a medium-grained, equigranular granodiorite with 27 to 32 percent 
quartz, 48 to 57 percent plagioclase, 4 to 10 percent orthoclase, and 7 to 9 percent mafic 
minerals (Fig. 2-18). Modal and chemical data from five samples appear in Appendix A. 
Plagioclase forms equant or tabular euhedral to subhedral crystals, 1 to 3 mm across, 
which show complex zoning patterns. Most crystals have patchy-zoned, altered, calcic 
cores that are mantled by more sodic plagioclase showing well-defined oscillatory and 
step zoning and, in some specimens, one or two step zones (Fig. 2-19). One crystal from 
Sample 428075 has a core of An3J, surrounded by oscillatory-zoned feldspar that ranges 
from An^ to An^. A step zone separates this from an outer zone that grades from An27
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Figure 2-17: Typical exposures east o f Tyler Lake of granodiorite of Tyler Lake.
Figure 2-18: Typical appearance of granodiorite of Tyler Lake in hand specimen.
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Figure 2-19: Photomicrograph showing zoning patterns of plagioclase in granodiorite of Tyler Lake 
(Sample 428075). Field of view is 7 mm.
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to Ann. Zoning patterns reflect a complex crystallization history punctuated by one or 
more disequilibrium events such as magmatic interaction or pressure changes. Quartz 
forms equant, clear, anhedral, interstitial grains that poikilitically enclose euhedral, 
somewhat smaller, plagioclase crystals. Perthitic orthoclase also forms poikilitic, 
interstitial, anhedral grains with plagioclase inclusions. The poikilitic textures suggest that 
quartz and orthoclase grew after initiation of plagioclase growth. Biotite is the principal 
mafic mineral. It occurs as discrete grains or in small clusters that are often partially 
altered to chlorite and epidote. Magnetite, apatite, and sphene are the principal accessory 
minerals.
The granodiorite of Tyler Lake is a calc-alkaline, subalkalic, slightly peraluminous 
rock with compositions that plot within trends defined by other plutons in Figures 2-6, 
2-7, and 2-8. It contains 67.8 to 70.8 percent Si02, which is somewhat more siliceous 
than most other granodiorites in the area.
A porphyritic border facies, in which 0.5 to 2 mm phenocrysts of plagioclase, 
quartz, and biotite are enclosed in a fine-grained matrix, is exposed north of Island Lake. 
Plagioclase phenocrysts are euhedral to subhedral, zoned (An47.33), and tend to be altered 
along cleavages and fractures. Quartz phenocrysts are clear and mostly euhedral. Biotite 
forms discrete crystals that appear highly elongated in thin section. Most biotites are 
partially altered to chlorite and have been partially oxidized. The matrix is a fine-grained 
(0.05 to 0.3 mm), granular mosaic of anhedral quartz and plagioclase. Apatite and zircon 
are the principal accessory minerals.
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Figure 2-21: View northwest along Crystal Range toward the granodiorite of Tyler Lake showing zones 
of pervasive iron staining at its southern end and on ridge in left-middle distance. The 
prominent mountain on the right side is Crystal Peak, an inlier of Pyramid Peak granite and 
dioritoid surrounded by the granodiorite.
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The age of the granodiorite of Tyler Lake is uncertain but is probably Cretaceous. 
Rb-Sr data from Sample 428074 (Plate 1) plot on a 106.8 Ma isochron defined by four 
data points from the Bryan Meadow granodiorite (Allen C. Robinson, written 
communication, 1991).
Wrights Lake Granodiorite.
The Wrights Lake granodiorite is by far the largest single pluton that crops out 
within the study area. Although its limits have not yet been mapped, Loomis (1983) 
estimated its total area at over 770 km2. It intrudes the Sailor Canyon Formation, the 
Crystal Range suite, the Camper Flat granodiorite, and the Lovers Leap granodiorite (Fig. 
2-2). Its contacts with older units are clean and sharp, displaying no evidence of 
magmatic interaction. Over much of its length, the contact with the Pyramid Peak granite 
is parallel to the foliation and parallel joint set in the granite, suggesting that the fabric 
and structures in the granite influenced the orientation of the contact. Wedge-shaped 
apophyses of Wrights Lake granodiorite are common in the granite within 15 m of the 
contact, confirming its younger age.
The rock is a medium- to coarse-grained, equigranular, biotite-homblende 
granodiorite which, according to Loomis (1983), is remarkably homogeneous 
compositionally and texturally. In the sample collected southwest of Twin Lake, 
plagioclase forms tabular euhedral to subhedral crystals that are mostly in the 2 to 4 mm 
size range, although some crystals are as long as 1 cm (Fig. 2-22). Most grains are 
weakly zoned, averaging An-*, but some are more strongly zoned from An55 to An15.
Figure 2-22: Typical appearance of Wrights Lake granodiorite in hand specimen.
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Zoning is of the normal progressive and oscillatory type; step and spike zones were not 
observed. Quartz forms equant, subhedral, clear grains with slight undulatory extinction. 
Perthitic orthoclase occurs as anhedral, interstitial grains that poikilitically enclose 
plagioclase crystals that are considerably smaller (0.5-2 mm) than most plagioclase grains. 
Hornblende forms euhedral crystals as long as 6 mm; biotite occurs as discrete, euhedral 
to anhedral grains. The principal accessory minerals are magnetite, apatite, sphene, 
zircon, and allanite. Modal and chemical data for samples from the Wrights Lake 
granodiorite appear in Appendix A.
The Wrights Lake granodiorite is a marginally metaluminous, calc-alkaline, 
subalkalic rock whose major-element composition is similar to that of the Desolation 
Valley and Glen Alpine granodiorites (Figures 2-6, 2-7, and 2-8). It is slightly enriched 
in CaO, FeO, and MgO compared to those plutons, which is reflected in its higher 
hornblende content.
Outcrops are generally fresh in glaciated areas. Thin weathering rinds cover about 
30 percent of outcrops and tend to spall off, exposing fresh rock underneath (Fig. 2-23). 
Fresh rock is light gray, nearly white, and highly reflective. Outcrops are slightly more 
vegetated than in the Crystal Range and Desolation Valley areas; manzanita and white 
bark pine cover flat areas, defined by jointing, where soils have formed from washed-in 
detritus. Mafic enclaves are abundant. In the area sampled, enclaves ranged in diameter 




Foliation is subtle and in many places not discernible. Loomis (1983) identified 
a complex cellular pattern in the fabric which indicated to him that the body was 
emplaced as a group of contemporaneous intrusive units. The pattern could also reflect 
convective cells in the magma.
Eagle Lake Sequence.
Loomis (1983) defined the Eagle Lake sequence of kindred intrusions in the 
northern part of the study area. Included among these plutons are the Eagle Falls 
complex, the Dicks Lake granodiorite, and the quartz diorite of Azure Lake.
The Eagle Falls complex includes several masses of noritic anorthosite, 
leuconorite, and hypersthene diorite that form a band that extends 4 km northeast from 
the Velma Lakes to Emerald Bay (Fig. 2-2). These rocks are described in detail by 
Loomis (1961). Much of the complex is poorly exposed, but an excellent outcrop of 
noritic anorthosite on a glacial knob east of the Velma Lakes was examined and sampled 
during this study. The rock here is a fine- to medium-grained, seriate anorthosite that 
consists of 70 to 80 percent labradorite (An45). Plagioclase occurs in two size ranges: 
larger crystals (1.5-4.0 mm) comprise about 20 percent of the total plagioclase, are 
euhedral to subhedral, and are weakly zoned with some calcic spikes; the smaller grains 
(0.5-1.0 mm) tend to be subhedral to anhedral and unzoned. Plagioclase crystals are well 
aligned along a foliation parallel to the walls of the body. Augite and hypersthene form 
euhedral to subhedral crystals in the same size range as the smaller plagioclase. Green 
hornblende occurs locally as a late-stage phase that forms reaction rims around pyroxenes
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and replaces plagioclase (Loomis, 1961). Magnetite, apatite, and biotite are minor 
accessories in the rock. Modal and chemical data for the sample collected from this site 
appear in Appendix A.
The anorthosite of the Eagle Falls complex is unique chemically as well as 
modally. Its composition is strongly metaluminous and subalkalic (Figs. 2-7, 2-8), but 
its high FeO content places it well within the tholeitic field (Fig. 2-6).
The Dicks Lake granodiorite is exposed over about 13 km2 in the northern part of 
the study area where it intrudes the Mount Tallac pendant, Camper Flat granodiorite, and 
various bodies of diorite (Fig. 2-2). It is intruded by the Phipps Pass granodiorite on its 
northern side. The unit was examined in reconnaissance in the area around Velma, Dicks, 
and Fontanillis Lakes and sampled at two sites during this study.
Most of the pluton is a medium- to coarse-grained, equigranular mafic granodiorite 
with 18 to 22 percent quartz and a color index between 17 and 26 (Fig. 2-24). A sample 
from the east side of Fontanillis Lake (472116) consists mostly of subhedral to anhedral 
plagioclase which is zoned from cores of AnJ2 to rims of AnM. Biotite and hornblende 
form discrete anhedral grains with ragged ends and embayed edges that mold around 
plagioclase grains. Some hornblendes are euhedral. Quartz and orthoclase are interstitial 
and poikilitically enclose plagioclase grains. Magnetite, allanite, and zircon are the 
principal accessory minerals.
Thermal infrared multispectral scanner imagery revealed a sinuous band of 
leucocratic rock that extends about 8 km southeastward from the north end of Fontanillis 
Lake (Fig. B-6, Appendix B). A sample of this rock (476116) contained 39.9 percent
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quartz and 13 percent total mafic minerals. It is medium-grained and has a seriate 
texture. Euhedral to subhedral plagioclase crystals, as long as 4 mm, are zoned from An52 
to An23. A step zone separates the crystal from an outer rim of Anlg. Orthoclase forms 
anhedral grains 1 to 2 mm across. Hornblende forms euhedral to subhedral crystals, and 
biotite occurs in discrete ragged flakes. Quartz occurs in two modes. About half of it 
forms equant, anhedral grains that are about the same size as the plagioclase and mafic 
minerals; the rest occurs in fine-grained, allotriomorphic masses that surround the larger 
mineral grains. The dual size ranges of quartz may signify an interruption of slow 
crystallization and quenching of the remaining liquid. Magnetite, apatite zircon, and 
sphene are the principal accessory minerals.
The Dicks Lake granodiorite is the most mafic of the granodiorites in the study 
area. The sample collected at Fontanillis Lake contains 60.4 percent Si02, and its 
composition plots on trends defined by other plutons in the area in Figures 2-6, 2-7, and 
2-8. The felsic body is among the most siliceous of the granodiorites in the area. Its low 
iron content causes it to plot below the trend defined by other plutons in Figure 2-6.
The quartz diorite of Azure Lake forms a northwest-trending, dikelike intrusion 
that extends 2.7 km through Dicks Lake granodiorite (Fig. 2-2). Most of the outcrop area 
is obscured by trees. A sample from the northwest end of this body (Appendix A) has 
a fine- to medium-grained seriate texture, contains 17 percent quartz, and has a color 
index of 22 (Fig. 2-25). Plagioclase occurs in two size ranges. The coarser plagioclase 
forms well-zoned (An^^) euhedral to subhedral crystals that are 2 to 5 mm long. The 
finer-grained plagioclase forms tabular crystals, 0.5 to 1.5 mm long, that are zoned from
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An^ to An32. Hornblende and biotite form discrete, embayed, anhedral grains in the same 
size range as the smaller plagioclase grains. Hornblende contains irregular clinopyroxene 
remnants of incomplete reaction and rounded grains of magnetite. Quartz occurs in 
rounded, anhedral, interstitial grains that are less than 0.5 mm across.
The composition of the Azure Lake granodiorite does not differ significantly from 
that of the Dicks Lake granodiorite (Figs. 2-5, 2-6, 2-7, 2-8, Appendix A), suggesting that 
it may be a facies of the granodiorite defined more by texture than by composition.
The age of the Eagle Lake sequence is uncertain. Loomis (1983) assumed a 
Cretaceous age, but Fisher (1989) assigned it to the Jurassic. Rubidium-strontium data 
from two samples of Dicks Lake granodiorite collected during this study and a third 
collected by the U.S. Geological Survey plot on a 116.5 Ma isochron with a ^Sr/^Sr 
intercept of 0.70514 (Allen Robinson, written communication, 1989). On this basis, the 
Dicks Lake granodiorite and, by extension, the Eagle Lake sequence are assigned to the 
middle Cretaceous.
Glen Alpine Granodiorite.
The Glen Alpine granodiorite forms a small elliptical body, 1.9 km in diameter, 
that intrudes metasedimentary and metavolcanic rocks and Keiths Dome quartz monzonite 
at the southeastern end of the Mount Tallac pendant (Fig. 2-2). Outcrops are considerably 
more vegetated than in most other parts of the study area. A series of ledges defined by 
subhorizontal joints form sediment traps that support grasses, manzanita, ponderosa pine, 
and cedar (Fig. 2-26). Outcrops tend to be mantled by a thin weathering rind which
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Figure 2-26: View northward across the Glen Alpine stock showing typical mode of exposure and 
vegetation cover. Contact with the Tuttle Lake Formation is in the background.
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spalls off to expose fresh rock underneath. Lichen partially covers some outcrops. Aplite 
dikes are more common than in most other plutons (Fig. 2-27).
The rock is a medium-grained, equigranular, biotite-homblende granodiorite (Fig. 
2-28). It is a marginally peraluminous, subalkalic, calc-alkaline rock whose composition 
is not significantly different from the Desolation Valley and Wrights Lake granodiorites 
(Figs. 2-5, 2-6, 2-7, and 2-8). Modal and chemical data from two samples from the 
central part of the pluton are given in Appendix A. In these samples, plagioclase is the 
dominant mineral, forming equant to elongate euhedral to subhedral crystals that are well 
zoned (An^,,). Crystals commonly have patchy calcic cores which are mantled by 
oscillatory-zoned plagioclase with one or more calcic spikes or step zones that reflect 
disequilibrium events during crystallization. Microcline perthite forms anhedral, 
interstitial grains that poikilitic ally enclose plagioclase crystals. Quartz occurs in equant, 
clear anhedral grains. Biotite and hornblende tend to form discrete, subhedral crystals 
that are scattered uniformly through the rock. They locally form small intergrown clots 
which may be remnants of mafic enclaves. Anhedral grains of relict augite occur rarely 
and are usually mantled by hornblende. Magnetite, apatite, and sphene are the principal 
accessory minerals.
Mafic enclaves are common in the areas sampled and range up to 30 cm in length, 
averaging less than 10 cm, and number 1-2/m2. Most are rounded, but some subangular 
enclaves occur. Loomis (1983) notes that mafic enclaves are more abundant near the 
center of the stock than near its margins. Metasedimentary inclusions occur rarely along
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Figure 2-27: Exposure of Glen Alpine granodiorite. Note spalling of weathering rind, small clumps of 
lichen, and aplite dikes.
Figure 2-28: Typical appearance of a fresh exposure of Glen Alpine granodiorite.
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the western contact. Aplite dikes are more abundant than in most other plutons in the 
area, at least in the area sampled. They are 3 cm to 3 m wide and trend north-south and 
east-west.
Peickert (1962a, b) studied three-dimensional mineralogical and specific-gravity 
variation in the Glen Alpine stock and found a strong vertical gradient in which alkali 
feldspar decreased and color index and specific gravity increased with elevation. He 
attributed the variation to assimilation of metavolcanic rocks. Loomis (1983) mapped a 
quartz diorite border zone, gradational inward into normal granodiorite, in the eastern part 
of the stock where metavolcanic rocks are intruded. He also noted a modal progression 
across the stock from more quartzose compositions near the western contact with 
metaconglomerate to more mafic near the eastern contact
Echo Lake Granodiorite.
The Echo Lake granodiorite is exposed over 15 km2 north and east of Echo Lake 
(Fig. 2-2). The rock forms massively jointed, glaciated outcrops and exfoliation domes 
with steep ledges as high as 10 m. Exposures are about 10 percent covered by soil, 
manzanita, grasses, and conifers.
The rock is a coarse-grained, equigranular, leucocratic, biotite-homblende 
granodiorite which is locally a quartz monzonite (Fig. 2-29). In the two samples collected 
(Appendix A), plagioclase is the dominant mineral. It forms equant, euhedral to 
subhedral crystals which show little or no zoning. Grains average about An^. Some
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calcic spikes and minor step zones occur in plagioclase from Sample 543052 which 
contains several small (1 cm) mafic enclaves. Microcline perthite forms anhedral, 
interstitial grains that poikilitically enclose anhedral plagioclase. Grain boundaries with 
plagioclase tend to be myrmekitic. Quartz forms mosaics of equant, anhedral, clear 
grains. Subhedral biotite and euhedral hornblende occur in discrete grains scattered 
uniformly through the rock. Magnetite, sphene, apatite, zircon, and allanite are the 
principal accessory minerals.
The Echo Lake granodiorite is the most siliceous and alkali-rich pluton that was 
sampled in the area other than the Pyramid Peak granite. Its composition is marginally 
metaluminous to peraluminous and plots within trends defined by other plutons in Figures 
2-6, 2-7, and 2-8.
Mafic enclaves are common in the areas sampled. They range up to 25 cm long, 
averaging 3 to 4 cm, and number 3-5/m2. Smaller enclaves have more diffuse, ill-defined 
boundaries and are somewhat lighter colored than the larger ones that are darker and have 
sharper boundaries. Aplite and pegmatite dikes are rare.
Evemden and Kistler (1970) obtained K-Ar ages of 90.0 Ma on biotite and 93.7 
Ma on hornblende from the Echo Lake granodiorite. This age agrees well with a 92.9 
± 4.3 Ma whole-rock Rb-Sr isochron (intercept 0.70507 ± 0.00011) determined by Allen 
C. Robinson (written communication, 1991).
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Other Cretaceous Granitoids.
Other Cretaceous granitoids that occur in the Desolation Valley study area include 
the Bryan Meadow and Lovers Leap granodiorites in the southern part of the area and the 
Phipps Pass granodiorite in the northeastern part (Fig. 2-2). None of these plutons was 
examined during this study. Descriptions can be found in Loomis (1983). The Lovers 
Leap granodiorite has a K-Ar date on biotite of 96 Ma (Evemden and Kistler, 1970). 
Four widely spaced samples of Bryan Meadow granodiorite define a 106.8 Ma Rb-Sr 
isochron with a 87Sr/“ Sr intercept of 0.70564. Two samples of Lovers Leap granodiorite 
also plot on this isochron. Rubidium-strontium data from three samples of Phipps Pass 
granodiorite plot on a 95.1 Ma isochron with a ^Sr/^Sr intercept of 0.70502 (Allen C. 
Robinson, written communication, 1991).
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CHAPTER HI
GEOLOGY OF THE CRYSTAL RANGE SUITE
"Especially interesting are the exposures 
along the Pyramid Peak range."
— Waldemar Lindgren, 1897 
INTRODUCTION
The Crystal Range suite extends 13 km along the crest of the Crystal Range (Fig. 
2-2). It is bounded on all sides by younger granodiorites (Desolation Valley, Camper 
Flat, Bryan Meadow, and Wrights Lake) except at its northern end where it intrudes the 
Sailor Canyon Formation. Plate 1 portrays geologic relationships of the Crystal Range 
suite.
The Pyramid Peak granite, associated mafic bodies, hybrid granitoids, and 
transverse microdiorite dikes comprise the Crystal Range suite. Modal and chemical data 
from samples of the Crystal Range suite appear in Appendix A and are depicted 
graphically in Figures 3-1 through 3-4.
The Crystal Range suite is spectacularly exposed in glaciated outcrops along its 
entire length, permitting detailed study of contact relations and compositional and textural 
variations (Fig. 3-5). Massively jointed Pyramid Peak granite forms extensive surfaces 
that exhibit excellent glacial polish in many areas and which support little vegetation. 
Fractures are more closely spaced in mafic and hybrid rocks. Outcrops of these rocks
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Quartz
Figure 3-1: Modal compositions of samples from the Crystal Range suite.
Figure 3-2: FeO*/MgO and Si02 data for rocks from the Crystal Range suite. Calc-alkaline/ tholeitic 
boundary from Miyashiro (1974). Feo* indicates total iron as FeO.
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Figure 3-3: Molecular A l203/(Ca0+Na20+K20) data for rocks from the Crystal Range suite.
Figure 3-4: N a20+K 20 and SiC>2 data for rocks from the Crystal Range suite.
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Figure 3-5: Top: View northwest from Keiths Dome toward Desolation Valley and the Crystal Range.
Bottom: View northward across Island Lake basin showing dark-colored dioritoid of Island 
Lake in center, light-colored Pyramid Peak granite on left, and limonite-stained granodiorite 
of Tyler Lake to right.
o
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tend to be more weathered, support more vegetation, and are more mantled by rock rubble 
and soil.
PYRAMID PEAK GRANITE
The Pyramid Peak granite is a coarse-grained, equigranular leucogranite that makes 
up the major portion of the Crystal Range suite and acts as host to the diorite bodies and 
microdiorite dikes. The rock is nearly white to pale buff and consists of approximately 
equal proportions of quartz, microcline perthite, and sodic oligoclase with generally less 
than 5 percent biotite (Figs. 3-6, 3-7). Microcline perthite forms euhedral to subhedral 
tabular crystals, 5 to 20 mm long, that poikilitically enclose small (<1 mm) equant quartz 
and euhedral plagioclase crystals. Plagioclase forms somewhat smaller (<10 mm) crystals 
than microcline. Grains are euhedral to subhedral, unzoned, and weakly twinned. 
Compositions of most grains are An10.15. Quartz forms equant, clear grains, 1 to 5 mm 
across, which cluster in elongate aggregates as long as 20 mm. Biotite is the principal 
mafic mineral. It occurs in discrete flakes, <1 mm long, or in aggregates that are 
interstitial to the quartz and feldspars. Traces of hornblende occur with biotite in some 
specimens. Minor accessory minerals include magnetite, apatite, allanite, and zircon.
The Pyramid Peak granite is a calc-alkaline, marginally metaluminous to 
peraluminous, subalkalic rock with Si02 content ranging between 70.8 and 77.2 percent, 
the highest of any granitoid sampled in the area. The overall composition of the Pyramid
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Figure 3-6: Typical appearance of Pyramid Peak granite in hand specimen.
Figure 3-7: Photomicrograph showing typical texture o f Pyramid Peak granite (Sample 431057). Field of 
view is 7 mm.
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Peak granite approximates a "minimum melt" in the system NaAlSi30 8-KAlSi30 8-Si02- 
H20  (Tuttle and Bowen, 1958). In such a magma, the three principal phases, albite, 
orthociase, and quartz, would crystallize together on a liquidus minimum. No superheat 
would be available for the assimilation of wall rocks, and little residual liquid would 
remain after crystallization was complete.
The "minimum melt" composition explains the scarcity of aplite/pegmatite dikes 
in the Pyramid Peak granite. Some north-south-trending dikes occur between Lake Doris 
and Rockbound Pass, and a pair of dikes with aplitic margins and pegmatitic cores cut 
the granite on the east side of the basin southeast of Island Lake. These dikes follow the 
same north-northeast trend as the microdiorite dikes in the area, and extend for about 50 
m, indicating that some residual liquid remained when the rock had become sufficiently 
rigid for development of transverse extensional fractures. Some residual liquid also 
crystallized to form ellipsoidal pegmatitic pods, as long as 2 m, which occur throughout 
the granite.
Mafic enclaves are also rare except near contacts with dioritoids, where they 
formed as detached blobs from the larger body of mafic magma. There was little 
turbulence or convection in the granite magma to disperse enclaves to any great distance 
from their source. Single, isolated enclaves of rock that appear similar to some of the 
hybrid rocks in the suite have been observed in some outcrops. A swarm of mafic 
enclaves associated with a net-veined dike west of Twin Lake is described in Chapter IV.
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DIORTTOID BODIES
Thirty-three bodies of dioritoid1 were mapped in the Crystal Range suite, and 
many more that were too small to be mapped were noted. Individual bodies range from 
a few meters to several kilometers in length. Most are elongated along a north-northwest 
trend that parallels the trend of the suite as a whole and its foliation pattern, suggesting 
they were emplaced in the same strain regime that produced the foliation. The three 
largest bodies are herein informally named the dioritoid of Island Lake, the dioritoid of 
Maude Lake, and the dioritoid of Lake Sylvia. A fourth body, the dioritoid of Lois Lake, 
intrudes the Sailor Canyon Formation adjacent to the northern end of the Crystal Range 
suite.
Dioritoids consist principally of calcic plagioclase, hornblende, and biotite, with 
small percentages of quartz and occasionally some relict pyroxene. Their chemical 
composition is that of a metaluminous basalt or basaltic andesite. Analyses plot in both 
the tholeitic and calc-alkaline fields in Figure 3-2 and in the alkalic and subalkalic fields 
in Figure 3-4.
Dioritoid of Island Lake
The dioritoid of Island Lake has been mapped and sampled in the greatest detail. 
The body is approximately 2 km long, extending from the head of the cirque southeast 
of Island Lake to the contact with the granodiorite of Tyler Lake, and it is 1.2 km wide,
1 Most of the mafic bodies in the Crystal Range suite are dioritic, but compositions 
may vary markedly between bodies and within individual bodies. Compositions range 
between hornblende gabbro and quartz diorite.
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from the east shore of Twin Lake to the crest of the range (Plate 1). Three facies were 
mapped on the basis of texture and composition. From west to east, these are facies 1, 
facies 2, and facies 3. Facies boundaries are gradational and their locations are 
subjective. Boundaries shown on Plate 1 are therefore only approximate and highly 
generalized.
Facies 1.
Facies 1 is the most mafic of the three facies. It is represented by a single sample 
(456059) which was collected near the eastern margin of the body a short distance east 
of the crest of the range. The rock is a medium-grained, equigranular to seriate diorite 
that is unique in that it is the only sample from the Island Lake body that contains 
pyrrhotite and augite.
Pyrrhotite occurs in a single, irregular, anhedral grain that is 6.5 mm across. It 
is transected by a band of hornblende crystals that are intergrown with secondary quartz 
along cleavages, and it is mantled by epidote crystals as long as 2 mm (Fig. 3-8).
Augite occurs in ragged remnants that are mantled by or intergrown with 
hornblende which formed from the pyroxene as a reaction product. Most hornblende 
forms fine- to medium-grained aggregates of subhedral crystals and occurs in two size 
ranges: one ranges between .75 and 2.5 mm, averaging 1.6 mm; the other ranges between 
.1 and .5 mm, averaging .25 mm.
Plagioclase also occurs in two size ranges. The coarser fraction ranges between 
1 and 3 mm, averaging about 2 mm. Grains typically have scalloped, partly sericitized,
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Figure 3-8: Photomicrograph of Island Lake dioritoid, facies 1 (Sample 453057), showing opaque 
pyrrhotite surrounded by epidote. Field of view is 7 mm.
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patchy-zoned, calcic cores of A n ^ j  that are mantled by normally zoned plagioclase 
(An55.25). The finer plagioclase fraction consists of euhedral to anhedral crystals of 
andesine ranging between 0.05 and 0.4 mm, averaging about 0.2 mm.
Quartz occurs in small quantities as interstitial grains; a single grain of ocellar 
quartz is partially mantled by hornblende crystals and homblende-augite intergrowths. 
Alkali feldspar is virtually absent; a single interstitial grain of microcline was noted in 
one of three thin sections examined. Magnetite, sphene, and acicular apatite are the 
principal minor accessory minerals.
The presence of pyrrhotite and remnant augite indicates a very primitive primary 
composition which was modified toward a more silicic composition. Hornblende rims 
around pyroxene suggest fractional crystallization was a factor, but zoning patterns in 
plagioclase, dual size ranges in plagioclase and hornblende, and the presence of ocellar 
quartz indicate crystallization was punctuated by one or more episodes of magmatic 
interaction which temporarily disturbed equilibrium relationships. Textural evidence for 
magmatic interaction is explored more thoroughly in Chapter IV.
Facies 2.
'Facies 2 is the most areally extensive of the three facies, extending from the crest 
of the range westward to the eastern edge of Twin Lakes. The most distinguishing 
characteristic of facies 2 is the tendency for hornblende and biotite to occur in granular 
clots that impart a spotted appearance to outcrops and hand specimens (Fig. 3-9). Mafic 
clots are as large as 15 mm across; most are about 4-5 mm. Hornblende and biotite are
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Figure 3-9: Photomicrograph of Island Lake dioritoid, facies 2 (Sample 446054A). Note cluster of 
hornblende crystals in the left portion o f the photo. Field of view is 7 mm.
73
intimately intergrown in most specimens with biotite crystals cross-cutting hornblende. 
Most intergrowths are accompanied by skeletal sphene and magnetite crystals and 
euhedral apatite.
Plagioclase forms interlocking, euhedrally zoned crystals with anhedral rims that 
fill interstices. Most are step-zoned with irregular, patchy-zoned cores as calcic as An82 
and progressively zoned rims having compositions between A n^ and An20. In some 
specimens, plagioclase crystals have two or more step zones. Calcic and sodic spike 
zones occur commonly. Zoning patterns indicate crystallization was perturbed by one or 
more disequilibrium events which were probably episodes of magmatic interaction. 
Textural evidence for magmatic interaction is reviewed in Chapter IV.
Quartz forms anhedral, interstitial grains in quartz-poor varieties of facies 2; in 
more quartz-rich varieties, it occurs in equant to elongate aggregates of anhedral grains. 
Ocellar quartz is common. If present, perthitic microcline occurs interstitially. Magnetite, 
sphene, and apatite are the principal accessory minerals.
Facies 3.
Rocks in facies 3 occur in a narrow zone along the western margin of the Island 
Lake body and in an isolated body west of Twin Lakes. They are more quartzose than 
in facies 2, and mafic minerals are more uniformly distributed, imparting a "salt-and- 
pepper" appearance to outcrops and hand specimens. Overall, rocks in facies 3 are 
medium-grained, equigranular diorites and quartz diorites (Fig. 3-10).
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Figure 3-10: Photomicrograph o f Island Lake dioritoid, facies 3 (Sample 428057). Note calcic spikes in 
plagioclase near upper left comer and abundant interstitial quartz. Field of view is 7 mm.
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Plagioclase forms rectangular, euhedrally zoned laths with xenomorphic rims. 
Most have calcic, patchy-zoned cores of Anj5.70 that are separated from normal- or 
oscillatory-zoned rims of oligoclase by step zones. Some crystals have multiple step 
zones; others are progressively zoned. The latter tend to have more sodic cores (An40_55) 
than the step-zoned crystals. A few grains have cores of oligoclase surrounded by more 
calcic plagioclase. Calcic spikes are common in plagioclase grains from facies 3.
Biotite and hornblende occur in discrete grains distributed uniformly through the 
rock and in intergrown clots, but no reaction relationship between the two is evident. 
Biotite forms ragged, subhedral grains that mold around plagioclase crystals and penetrate 
along cleavages and cracks in plagioclase. Hornblende forms subhedral grains that occur 
discretely or intergrown with biotite.
Quartz forms anhedral interstitial grains and, more rarely, occurs as equant ocellar 
grains that are rimmed by hornblende. Non-perthitic microcline also occurs interstitially, 
often developing good myrmekitic texture where it is in contact with plagioclase. 
Magnetite, sphene, and apatite are the principal minor accessory minerals.
Chemical and Modal Variation Across the Dioritoid of Island Lake.
In Figure 3-11, chemical and modal parameters are plotted against positions of 
sample sites projected onto line C-C’ of Plate 1 to illustrate lateral variation across the 
Island Lake dioritoid body. Although trends have pronounced spikes, it appears that 
quartz increases markedly from east to west while mafic minerals decrease. Plagioclase 
















Figure 3-11: Lateral variation of modal and chemical parameters in the Island Lake dioritoid body. Data are projected onto line C-C' of Plate 1.
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shows a strong increase across the body and Fe20 3 increases slightly. FeO, MgO, and 
CaO values decrease. The observed trends may have resulted from large-scale interaction 
between dioritoid and Pyramid Peak magmas; fractional crystallization may also account 
for some of the variation. A pronounced spike in modal and chemical trends is 
associated with a sample from near a zone of longitudinal hybrid dikes near the center 
of facies 2 (Sample 446045), suggesting that the diorite in this zone may have been more 
pervasively hybridized than was realized.
Dioritoid of Maude Lake
The dioritoid of Maude Lake is more mafic than the Island Lake body. Overall 
the body is a medium-grained, equigranular, hornblende diorite to hornblende gabbro. It 
is represented by two samples which are described as follows.
Sample 430090, from near the northeastern margin of the body, is unusual in its 
abundance of pyroxene. Clinopyroxene (augite) and orthopyroxene (hypersthene) are 
present as euhedral to subhedral crystals that are intergrown with each other. Pyroxene 
crystals of both types are usually partially or completely mantled by reaction rims of 
hornblende which are probably a product of fractional crystallization. Biotite occurs 
separately as discrete flakes which contain skeletal inclusions of magnetite. Plagioclase 
is the principal mineral, comprising almost 70 percent of the rock. It forms interlocking 
laths that are weakly zoned from about A n * ^ . Interstitial quartz occurs in small 




Sample 414081 is from the central part of the body west of Maude Lake. It 
contains no pyroxene. Plagioclase forms rectangular laths that are progressively zoned 
from cores of A n ^ o  to rims of An30_35 Hornblende and biotite form anhedral to 
subhedral grains that cluster together in interlocking clots but lack any kind of reaction 
relationship. Quartz occurs interstitially; alkali feldspar was not noted. Magnetite forms 
skeletal inclusions in biotite that are rimmed by small crystals of sphene. Acicular apatite 
is also present.
Dioritoid of Lake Sylvia
The dioritoid of Lake Sylvia is one of the largest bodies in the Crystal Range 
suite, but it does not appear on Loomis’ (1983) geologic map. Much of the body is 
obscured by vegetation and soil (Fig. 3-12). Its existence was revealed in TIMS imagery 
(see Appendix B), and it was subsequently mapped in the field. No samples were 
collected for modal and chemical analysis from this body, but three hand specimens were 
obtained from an area about 300 m north of Lake Sylvia. Additional information was 
obtained from field observations.
Overall, the body is a medium-grained, equigranular diorite to quartz diorite 
similar to facies 3 of the Island Lake body. It contains 40-60 percent plagioclase, 10-20 
percent quartz, and 10-30 percent hornblende and biotite. Plagioclase is commonly step- 
zoned with calcic cores (An60_70) and normally zoned rims (An55.35). Calcic spikes are 
common in plagioclase grains. Quartz occurs as interstitial grains and commonly as 
equant ocellar grains rimmed by hornblende. Biotite and hornblende occur together in
Figure 3-12: View southeast across the dioritoid of Lake Sylvia. Most of the body is obscured by low- 
lying vegetation and scattered trees.
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intergrown clusters, but no reaction relationship is apparent. Interstitial microcline occurs 
sparsely. Magnetite occurs as irregular blebs in biotite which are often rimmed by 
sphene. Apatite is highly acicular.
Dioritoid of Lake Lois
Numerous dioritoid bodies intrude the Sailor Canyon formation outside the 
boundaries of the Crystal Range suite. One such body was sampled at Lake Lois (Sample 
429112) for comparison to samples from within the suite.
The sample is of a fine-grained, equigranular quartz diorite from near the margin 
of the body. Plagioclase, the dominant mineral, forms rectangular, euhedral to subhedral 
laths that are aligned along a foliation parallel to the contact with the Sailor Canyon 
Formation. Compositions range between A n^ and An70. Crystals are weakly zoned. 
Biotite and hornblende occur together in fine-grained, rounded clots as large as 6 mm 
across. Such clots consist primarily of interlocking euhedral to subhedral hornblende 
blades. Biotite tends to be concentrated around the rims of mafic clots, suggesting a 
reaction relationship, and as discrete grains scattered through the rock. Quartz forms 
anhedral, interstitial grains that mold themselves around plagioclase and are not aligned 
with the foliation. Sphene and magnetite are found with hornblende and biotite. Apatite 
also occurs as a minor accessory.
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HYBRID ROCKS
Hybrid rocks are those that formed as a direct result of mixing of the Pyramid 
Peak and mafic magmas. Although much of the dioritoid in the Crystal Range suite can 
be considered hybrid, the term is here restricted to those mixed rocks that occur in 
longitudinal dikes in mafic bodies or along the margins of Pyramid Peak granite dikes in 
dioritoid.
Most hybrid rocks are well-foliated tonalites and granodiorites with compositions 
that are intermediate between the diorite bodies and Pyramid Peak granite. They typically 
have a porphyritic or seriate texture in which crystals and crystal aggregates of 
plagioclase, microcline, and quartz, as long as 7 mm, are embedded in a fine-grained, 
"salt-and-pepper" textured matrix of quartz, microcline, oligoclase, biotite, and hornblende 
(Figs. 3-13, 3-14). The relative proportions of minerals in the matrix vary with the 
proportions of each magma that combined to form the hybrid rock.
The larger crystals in the hybrid rocks appear to be xenocrysts inherited from one 
component magma or the other. Plagioclase crystals show zoning patterns similar to 
diorite bodies. Quartz and microcline are similar, morphologically and optically, to those 
minerals in Pyramid Peak granite. Multicrystal, multimineral aggregates show textural 
and compositional similarities to diorites or to the leucogranite. Disequilibrium textures 
such as ocellar quartz and rapakivi feldspars involve many of the xenocrysts in the hybrid 
rocks. The petrographic aspects of magmatic interaction in the hybrid rocks are discussed 
in greater detail in Chapter IV.
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Figure 3-13: Outcrop of a portion of a hybrid dike with dark enclaves of Island Lake dioritoid. Light- 
colored spots are quartz and feldspar xenocrysts derived from Pyramid Peak magma. Note 
net-veining in the mafic enclave at lower left.
o
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Hybrid rocks have calc-alkaline, metaluminous, subalkalic compositions that plot 
in fields midway between dioritoids and Pyramid Peak granite in Figures 3-2, 3-3, and 
3-4. They also plot in intermediate positions in Harker diagrams (see Chapter IV).
MICRODIORITE DIKES
Microdiorite dikes represent the last stage in the evolution of the Crystal Range 
suite. They occur throughout the suite but are most abundant in the diorite of Island Lake 
and adjacent Pyramid Peak granite (Fig. 3-15). All trend east-northeast, approximately 
perpendicular to the foliation and alignment of diorite bodies in the suite. Some dikes 
reach remarkable lengths. A dike in Island Lake basin, for example, extends at least 
1,600 m from the Wrights Lake granodiorite contact to the west end of Island Lake. 
Widths range from <1 m to >5 m. Many of the dikes appear in segments along the same 
trend. Contacts with host rocks are clean and sharp, and wedge-shaped apophyses often 
extend into the host rock. Field relationships suggest the dikes filled transverse 
extensional fractures in cooled and rigid host rocks.
Dike rocks are generally fine-grained, equigranular to seriate, locally porphyritic, 
microdiorites that consist of calcic plagioclase, hornblende, and biotite (Fig. 3-16). 
Plagioclase comprises 40 to 50 percent of most dikes and occurs as euhedral to subhedral 
laths that are weakly zoned (A n^jj). Hornblende and biotite make up the bulk of the 
remainder of the rock in the form of anhedral crystals and intergrowths. Magnetite, 
apatite, and sphene are the principal accessory minerals. Quartz comprises no more than
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Figure 3-15: Microdiorite dike cutting Pyramid Peak granite, 
apophyses.
Note sharp contacts and wedge-shaped
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2 percent of dike rocks and is absent in some specimens. Alkali feldspar was not 
observed in any of the dikes.
Chemical data from microdiorite samples plot in the same fields as dioritoids 
(Figs. 3-2, 3-3, 3-4; see also Fig. 4-12). Overall, they are as primitive in composition as 
the most mafic dioritoids. Although later than the dioritoids, they have not evolved by 
fractional crystallization, indicating a primary mande source.
At some localities, there is evidence of multiple intrusion of microdiorite dikes. 
At sample locality 453057, an aphanitic dike in diorite is cut at a shallow angle by a fine­
grained porphyritic dike with plagioclase phenocrysts as large as 3 mm.
A most unusual composite dike occurs near the crest of the range, 300 m southeast 
of Mount Price (Plate 1). This dike is 3 m wide and extends for over 60 m along a 
N68°E trend. The dike has aphanitic margins and a fine-grained core, but the contact 
between the two is sharp. Multiple intrusion incorporated angular fragments of the border 
rock as long as 2 m into the core of the dike to form an igneous breccia (Fig. 3-17). 
Also in the core are numerous irregular bodies of saccaroidal quartz as long as 10 cm. 
These quartz bodies are rimmed by hornblende in a manner very similar to rims around 
ocellar quartz grains in dioritoids and hybrid rocks described in Chapter IV (Fig. 3-18). 
At some point, the mafic magma incorporated large chunks of quartz that were mantled 
by hornblende as the system returned to equilibrium.
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Figure 3-17: Intrusive breccia in a composite microdiorite dike. Angular fragments from an earlier intrusion 
and fragments of saccharoidal quartz are incorporated into later intrusion at left
Figure 3-18: Angular fragments of saccharoidal quartz rimmed by hornblende in composite microdiorite 
dike.
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AGE OF THE CRYSTAL RANGE SUITE 
Zircon from a sample of Pyramid Peak granite from west of Twin Lakes (428054, 
Plate 1) was dated by the U-Pb method and has yielded a crystallization age of 164±7 Ma 
based on concordance of ^ P b /^ U  and ^ P b /^ U  ages of two zircon size fractions and 
a concordia intercept solution. Analytical data are given in Table 3-1 and in the 
concordia diagram in Figure 3-19. Measured U-Pb ages are slightly discordant. The 
upper intercept on the concordia diagram is not well constrained but plots at 1,796± 1,035 
Ma, suggesting some Precambrian inherited lead contaminates the zircon. Isotopic 
measurements were made by Dr. Richard W. Hurst at Chempet Laboratories, Moorpark, 
CA. All data were corrected for initial lead according to the model of Stacy and Kramers 
(1975). Initial lead ratios used were: 206/204 = 18.7, 207/204 = 15.63, and 208/204 = 
38.63. Lead blank was 50-70 pg, and instrumental mass fractionation was 0.05% per 
atomic mass unit.
Table 3-1
Uranium-Lead Isotopic Data for the Pyramid Peak Granite
Size Cone, (ppm) Radiogenic Pb/U Pb Is. Ratios Apparent Ages (Ma)
Fract “ Pb* “ Pb- “ Pb “ Pb “ Pb' “ Pb’ “ Pb‘
(pm) Pb U 2 3 5 U z»u “ Pb “ Pb 2 3 * u 2 3 5 U 206Pb*
<125 28.1 993 0.1992 0.02717 2188 0.05317 173 183 336±15
<125 27.7 989 0.1937 0.02712 1924 0.05180 172 178 277±38
<125* 167 1525 0.2351 0.0178 32.69 0.09580 113 213 1544115
125-150 27.4 904 0.1753 0.02577 2347 0.04950 164 164 172110
125-150 27.1 889 0.1787 0.02603 3102 0.04979 166 167 18515
Zircon contained abundant dark inclusions.
Analyses by Dr. Richard W. Hurst, Chempet Laboratories, Moorpark, CA.




Biotite concentrates from samples of Pyramid Peak granite (428054, Plate 1), 
dioritoid of Island Lake (442064, Plate 1), and Desolation Valley granodiorite (468066, 
Fig. 2-2) were also dated by the potassium-argon method at Geochron Laboratories, 
Cambridge, MA (Table 3-2). Apparent ages coincide generally with ages of middle 
Cretaceous plutons, such as the Wrights Lake, Bryan Meadow, and Lovers Leap 








(P P m ) 40*Ai/wK Aee (Ma)
428054 Jpp 0.05628 8.947 0.00629 105 ± 4
442064 Jd^ 0.05564 9.063 0.006139 103 ± 4
468066 Jdv 0.0517 8.905 0.005806 97.3 ± 3.6
Jpp = Pyramid Peak leucogranite
Jdij = dioritoid of Island Lake
Jdv = Desolation Valley granodiorite
Analyses by Geochron Laboratories, Cambridge, MA.
Rubidium-strontium isotopic data from the Crystal Range suite support a middle 
Jurassic age but define no clear isochron that can confirm the U-Pb date (Allen C. 
Robinson, written communication).
91
The U-Pb data confirm a middle Jurassic age for the Pyramid Peak granite and, 
by inference, the dioritoids, hybrid rocks, and microdiorite dikes in the Crystal Range 
suite, the Keiths Dome quartz monzonite, and the Desolation Valley and Camper Flat 
granodiorites. The Camper Flat and Desolation Valley granodiorites are younger than the 
Pyramid Peak granite and probably were emplaced between about 150 and 164 Ma, 
because plutons dating between 150 and 110 Ma are rare in the northern Sierra Nevada 
(Evemden and Kisder, 1970; Stem and others, 1981). Dioritoids that cut the Sailor 
Canyon Formation in the Mount Tallac pendant are inferred to be the same age as 
dioritoids in the Crystal Range suite or slighdy older. The Keiths Dome quartz monzonite 
is probably significandy older than the Crystal Range suite because it has undergone 
ductile shearing and recrystallization that appear in no other pluton in the area. 
Reconnaissance Rb-Sr isotopic data provided by Allen C. Robinson of the U.S. 
Geological Survey, Menlo Park, CA, suggest the Keiths Dome quartz monzonite may be 
as old as 177 Ma (see Chapter II). A definitive age on this pluton would be useful in 
constraining the age of the Tutde Lake Formation which it intrudes.
The 164±7 Ma age of the Pyramid Peak granite falls within the range of ages 
reported for other middle Jurassic plutons in the region. In the Yerington area, 60 to 90 
km east of the Crystal Range, there are the Shamrock (166 Ma) and Yerington (169 Ma) 
batholiths and the 172±5 Ma granite of Sunrise Pass (Dilles and Wright, 1988). In the 
Pine Grove Hills is the 187±8 Ma granite of Lobdell Summit, and the 155 Ma granite of 
Desert Creek occurs in the Sweetwater Mountains (Robinson and Kistler, 1986). In the 
northern Sierra Nevada, 60 to 120 km northwest of the Crystal Range, are the 151 Ma
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granodiorite of French Lake (E.H. McKee and H. Bonham, unpublished data), the 153 Ma 
granite of Haypress Creek (Evemden and Kistler, 1970), and the 164 Ma Emigrant Gap 
pluton (Saleeby and others, 1989b). Calc-alkaline gabbroic to granodioritic rocks 
associated with the granodiorite of French Lake have yielded U-Pb dates between 162.9 
and 165.4 Ma (Wracher and others, 1991).
PROVENANCE OF THE CRYSTAL RANGE SUITE 
Knowledge of the source and genesis of the magmas that formed the leucogranite 
and dioritoids in the Crystal Range suite is crucial to building a model for its origin and 
emplacement. Two hypotheses can be considered: one in which the Pyramid Peak 
magma is derived from a parent dioritoid magma by fractional crystallization; and the 
other in which the two magmas have separate origins.
Assuming that area on the Earth’s surface is a measure of a rock body’s volume, 
then the relative volumes of the various lithologies in the suite rule out a fractional 
crystallization hypothesis. Under such a hypothesis, dioritoid should be the most 
abundant rock type. Intermediate compositions should also be abundant, and leucogranite 
should be the least abundant. In fact, however, the Pyramid Peak granite accounts for the 
greatest volume of the suite, followed by the dioritoid bodies. Intermediate compositions 
account for only a small portion of the suite.
The primitive nature of microdiorite dikes also argues against fractional 
crystallization. Dike compositions are similar to the least evolved dioritoids in the suite, 
suggesting a common upper-mantle source. The dikes, however, post-date emplacement
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of the suite. A fractional crystallization model would require that the dikes come from 
a second batch of magma that did not fractionate while the first batch did, a hypothesis 
which, although not impossible, is somewhat contrived.
Rubidium-strontium isotope data suggest a mantle origin for dioritoids and 
microdiorites. Using a 164 Ma isochron derived from U-Pb data, initial "Sr/^Sr (Sr*) 
ratios of dioritoids are as low as 0.7040 (Fig. 3-20). Most values are between 0.704 and 
0.705, but may range as high as 0.7066. The low Sq values of the most primitive 
dioritoids and microdiorites suggest a mantle origin with little or no crustal component. 
Higher values suggest contamination by material with a more radiogenic isotopic 
signature. Given the abundant evidence for magmatic interaction in the Crystal Range 
suite (see Chapter IV), the most likely source of this contamination is Pyramid Peak 
magma.
Samples of Pyramid Peak granite generally have higher Sq values than the mafic 
rocks, suggesting an isotopically more radiogenic source. Data do not plot on a single 
isochron in Figure 3-20 but indicate a range of Sq values between 0.705427 and 
0.706874. Interaction with mafic magma may account for some of this range of Sq 
values, but to account for the entire range requires that the Pyramid Peak magma ingest 
as much as 50 percent of its volume in mafic magma. Such a hypothesis is inconsistent 
with the highly leucocratic nature of the Pyramid Peak granite and its very low FeO, 
MgO, and CaO content.
The observed range of Sq values in the Pyramid Peak granite must then reflect an 
isotopically heterogeneous source region which includes isotopically radiogenic material
87Rb/86Sr
Figure 3-20: 87Sr/86Sr vs 87Rb/86Sr data for samples from the Crystal Range suite. U-Pb isochrons determined for the Pyramid Peak leucogranite are 
plotted to show range of initial Sr isotopic ratios. Data from Allen C. Robinson (written communication).
95
such as continental crust and material with less radiogenic strontium which might have 
come from the mande. Such a source region might be represented by Precambrian 
continental crust which had been injected by mafic dikes and sills from the mande. 
Additional studies involving isotopes of lead, neodymium, samarium, and oxygen might 
help to resolve ambiguities in the Rb/Sr data.
Kistler and Peterman (1973) proposed that an Sr-0.706 isopleth for granitoids in 
the western United States marks the boundary between two types of lithosphere: a North 
American lithosphere with crystalline Precambrian rocks in the lower crust generating 
granitoids with S r^ .7 0 6 ; and an oceanic lithosphere generating granitoids with Srj<0.706. 
The significance of the "706 line" has been hotly debated, and Kistler (1990) has 
acknowledged that the line does not uniquely define the boundary between the two types 
of lithosphere in the southern Sierra Nevada. Each type is capable of generating plutons 
with Sq values greater than or less than 0.706. The Crystal Range suite is located within 
a northwest-trending promontory of the Sq=0.706 line which presumably is underlain by 
North American lithosphere (Kistler, 1990). Sq values from the Pyramid Peak granite 
span the 0.706 value, adding more ambiguity than clarification to the position and 
significance of the "706 line" in this part of the Sierra Nevada.
EMPLACEMENT OF THE CRYSTAL RANGE SUITE
The Crystal Range suite was among the earliest plutonic units in the study area 
to be emplaced. It is almost everywhere in contact with younger intrusive rocks except 
at its northern end, where a segment of its intrusive contact with older metasedimentary
J
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rocks is preserved. Here, the Pyramid Peak granite intrudes siliceous gray homfelses that 
weather to a distinctive reddish-brown color. The contact zone is generally less than 5 
m wide and consists of sills and dikes of granite, 10-30 cm thick, that are spaced 0.5 to 
2 m apart. The contact zone follows a N40°W trend which is parallel to the general 
strike of bedding, faults, and fold axes in the metasedimentary rocks (Loomis, 1983; 
Fisher, 1989) and also of the regional structural trend in metamorphic rocks of the 
Northern Sierra terrane that lie about 6 km north-northwest of the end of the Crystal 
Range suite (Harwood, 1988).
Several blocks of metasedimentary rock as long as 600 m are enclosed in the 
Pyramid Peak granite along the crest of the range west of Lake Lois. Intrusive contacts 
with these blocks are similar in character to the contact zone northwest of Lake Doris, 
and bedding orientations are similar to bedding in the Mount Tallac pendant, indicating 
the blocks have not rotated significantly with respect to their original attitude.
The Crystal Range suite as a whole is elongated along a N30°W trend, parallel 
to the regional structural trend. Individual diorite bodies and longitudinal granite and 
hybrid dikes are also oriented parallel to this trend. Foliations in Pyramid Peak granite, 
defined by parallel orientation of feldspar crystals, also strike in a north-northwest 
direction (Fig. 3-21, Plate 1). Foliation patterns are consistent with northeast-southwest 
shortening during crystallization; microdiorite dikes probably filled extensional fractures 




Figure 3-21: Schmidt projection of poles to foliation in the Crystal Range suite. Dark squares represent 
measurements from dioritoids; crosses from Pyramid Peak granite.
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The correspondence of structural features associated with the Crystal Range suite 
and the regional structural trend in older metamorphic rocks suggests a high degree of 
structural control during emplacement of the suite. Faults, folds, and shear zones may 
have provided conduits for the ascent of magmas through the metamorphic rocks during 
the early stages of plutonism in the area.
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CHAPTER IV
EVIDENCE FOR MAGMATIC INTERACTION 
IN THE CRYSTAL RANGE SUITE
"One of the outstanding problems of petrogenesis at the 
present time is that offered by the remarkable association 
of sharply contrasted acid and basic rocks...in igneous 
complexes...."
-  Arthur Holmes, 1931 
INTRODUCTION
Evidence for magmatic interaction in a plutonic environment can be observed at 
macroscopic to molecular scales. In outcrop, structures that indicate two magmas were 
in contact with each other, each behaving as a liquid or plastic medium, can be 
considered direct evidence for magmatic interaction. Highly sinuous, interpenetrating, 
lobate and cuspate contacts are examples. Conversely, contacts that form smooth, straight 
segments with sharp, angular bends, wedge-shaped apophyses, and angular inclusions of 
one rock in the other are evidence that one of the rocks was in a brittle state at the time 
of intrusion.
In hand specimen or in thin section, effects of episodic disequilibrium or rapid 
quenching can be observed. Certain mantling textures such as rapakivi feldspars and 
ocellar quartz have been interpreted in terms of magma mixing (e.g., Hibbard, 1981, 
1991; Vernon, 1990). Perturbations in plagioclase zoning patterns and xenocrysts from 
one magma incorporated in the other may also support a magmatic interaction interpretation.
O
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Geochemical evidence is more equivocal but may be used in conjunction with 
other independent evidence. Linear trends between end-member compositions in Harker 




Contacts between Pyramid Peak granite and dioritoids are typically complex, 
highly sinuous, interpenetrating features (Fig. 4-1); smooth, planar, cross-cutting contacts 
are exceptions to the rule. Contacts are usually lobate, more rarely cuspate or crenulate, 
with the dioritoid forming convex lobes that extend into the granite. Often, lobes are 
detached from the main dioritoid body forming enclaves in the granite along the contact. 
Lobate and cuspate contacts can be expected on rheological grounds when two liquids 
having different viscosities come together. The more mobile liquid will form convex 
protrusions into the more viscous medium (Philpotts, 1990).
In some areas, the dioritoid may be brecciated at contacts with Pyramid Peak 
granite. Contact surfaces are defined by smooth planes that intersect at sharp angles, and 
angular inclusions of the dioritoid are found in the granite within one or two meters of 
the contact zone (Fig. 4-2). Such contacts indicate the dioritoid behaved in a brittle 
manner during the final stage of emplacement Sinuous and angular contacts may occur 
in close proximity along the same zone.
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Figure 4-1: Highly sinuous, interpenetrating contact between dioritoid of Island Lake (dark) and Pyramid 
Peak granite (light) northeast of Twin Lakes. Note lobate and cuspate boundaries.
k'
Figure 4-2: Brecciation of dioritoid of Island Lake at contact with Pyramid Peak granite north of Twin 
Lake. Note vein o f older, reddish, Pyramid Peak granite transected by younger, light gray 
Pyramid Peak granite in lower photo.
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Dioritoids near both brecciated and lobate contacts are commonly transected by 
dikes and veins of Pyramid Peak granite, imparting a gneissoid appearance to the rock. 
Veins and dikes are complexly folded in these zones, indicating that a high degree of 
plastic deformation accompanied injection of the veins and dikes. Veins and dikes are 
cut off cleanly at the contact with Pyramid Peak granite and appear more mafic than the 
adjacent granite, suggesting contamination by the mafic magma (Figs. 4-2, 4-3).
A form of autointrusion occurs commonly in Pyramid Peak granite near bodies of 
dioritoid. Dikes of granite as wide as 2 m transect granite that differs only slightly in 
composition and texture from the granite in the dikes (Fig. 4-4). Usually, dikes are 
detected by slight color changes on the surfaces of outcrops. Clean, sharp contacts cut 
across foliations, enclaves, and grain boundaries in the host granite. Most dikes are 
straight-sided and intersect one another at sharp angles, indicating brittle fracture, 
although some curved dikes suggest local plastic behavior accompanied fracture. Samples 
431057A (dike) and 431057B (host) from a site west of Twin Lakes show no significant 
differences in major element and modal compositions, but the dike is depleted in Cu and 
Th and enriched in Nb, V, and rare earth elements, indicating a slightly more evolved 
composition. Evidently, fractures formed in granite which had already solidified and were 
filled by granite magma from a nearby source that had not completely crystallized. The 
reason for the fracturing and its proximity to dioritoid bodies is not clear, however. A 
possible explanation is that the mostly solidified granite fractured in response to localized 
stresses induced by intrusion of the hotter mafic magma. Residual liquids from the 
granite or partial melts may have then mobilized to fill the fractures.
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Figure 4-3: Folded veins of Pyramid Peak granite in dioritoid near contact with the granite.
Figure 4-4: Autointrusion in Pyramid Peak granite near contact with dioritoid west of Twin Lake. Note 
angular shape of contact and fragments.
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A curious feature observed at several sites along the contact of the Island Lake 
dioritoid body is an assemblage of sinuous pipes of granite that protrude into the dioritoid 
from the contact (Fig. 4-5). These bodies are circular in cross section and have the 
appearance of enclaves of granite in the dioritoid. In longitudinal section, however, their 
cylindrical nature is evident. They are as wide as 10 cm and are many times longer than 
they are wide. They occur in swarms that emanate from a common body of granite, and 
they have a sinuous outline with bulbous protrusions extending from them. The origin 
of the feature is not clear, but the sinuosity would suggest that both media were in a 
liquid or plastic state. Rheological arguments would predict that the less viscous mafic 
magma should protrude into the granite magma. A possible explanation is that the granite 
magma became superheated, and hence more mobile, where it was in close proximity to 
hotter mafic magma. This would decrease the viscosity contrast between the two liquids 
and increase the density contrast. Perhaps density differences became the controlling 
factor, and the protrusions are analogous to diapirs.
Composite Dikes
Composite mafic-felsic dikes occur commonly in dioritoids of the Crystal Range 
suite. Excellent examples can be seen beside the trail at Boomerang Lake and at the 
northeast end of Maude Lake (Fig. 4-6). In each of these, the dike is filled with nearly 
white aplite-pegmatite and black, fine-grained diorite. Boundaries between the two 
lithologies are highly lobate, indicating a late-stage silicic magma and a mafic magma 
occupied the dike at the same time.
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Figure 4-6: Lobate contact between diorite and aplite in composite dike at Boomerang Lake.
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Net-veined Dikes
Two net-veined dioritoid dike and inclusion train systems in Pyramid Peak granite 
west of Twin Lakes (Plate 1) provide direct evidence for magmatic interaction. Each 
system strikes approximately north, oblique to the northwest structural trend defined by 
foliation and shapes of dioritoid bodies in the area. Their lengths range from 80 to 200 
m; widths vary from <1 to 10 m. Each system has the overall form of a dike which 
intrudes the granite, but they are transected by numerous veins of granite that penetrate 
from the wallrock (Fig. 4-7a). In places, the veining is so extensive that a dike passes 
along strike into an entrainment of mafic enclaves dispersed in the granite. Such 
entrainments form belts through enclave-free granite, reflecting the form and trend of the 
dike (Fig. 4-7b).
Mafic enclave swarms occur in granite along the margins of the dikes in zones 
<1 to 3 m wide. Various stages of development and detachment of enclaves from a dike 
can be observed. Early stages are represented by bulbous protrusions of dike material 
into the granite. In more advanced stages, enclaves are connected to the dike by a narrow 
feeder of dike material.
One of the largest transverse microdiorite dikes in the Crystal Range suite 
transects the net-veined dikes. In the vicinity of the intersection, enclave swarms are 
deflected from their north-south trend to nearly parallel with the transverse dike. These 
relationships suggest that the transverse dike, net-veined dikes, and enclave swarms are 
contemporaneous and that the granite was still partially liquid at the time they were 
emplaced, but sufficiently crystallized to sustain fracturing under high strain rates.
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PETROGRAPHIC EVIDENCE OF MAGMATIC INTERACTION
Ocellar Quartz
Ocellar quartz occurs commonly in hybrid dikes and border zones, in all three 
facies of the dioritoid of Island Lake, and in the dioritoid of Lake Sylvia. No occurrences 
have been noted in the Maude Lake dioritoid body. Quartz ocelli consist of single, 
rounded grains (more rarely multiple grains), 1 to 4 mm across, which are mantled by a 
thin rim of early-formed mafic minerals (Fig. 4-8). Nearly all examples have rims of 
hornblende crystals, but in a sample from facies 1 of the Island Lake body (453057), a 
quartz grain is rimmed by fine-grained clinopyroxene. Quartz ocelli are usually 
significantly larger than the grain size of the host rock. Boundaries between the quartz 
and mantling minerals are highly cuspate, which could have resulted from dissolution of 
quartz prior to attachment of the mafic minerals or by growth of the quartz around the 
mafic minerals.
Ocellar quartz has been described from localities throughout the world (see 
Vernon, 1990, and Hibbard, 1991, for references), and a magma-mixing origin is 
generally accepted. Vernon (1990) proposed that the introduction of quartz xenocrysts 
into a mafic magma would result in partial dissolution of the quartz, undercooling of the 
adjacent magma, and rapid nucleation of mafic minerals which attach themselves to the 
quartz grain. Hibbard (1991) offered a similar explanation to explain ocellar quartz in 
a granodiorite pluton but added a second episode of mixing in which an influx of felsic 
magma induced epitaxial growth of more quartz which locked in the minerals that form 
the rim. The large size of the ocelli and cuspate boundaries suggest quartz crystals were

112
introduced into mafic magma as xenocrysts from the mostly-crystallized Pyramid Peak 
granite, partially resorbed, and then mantled by hornblende crystals.
The bodies of saccharoidal quartz rimmed by hornblende crystals in a microdiorite 
dike noted in Chapter III represent a specialized type of ocellar texture but probably have 
a similar origin. Evidently, chunks of quartz from some source such as a quartz vein or 
a pegmatite were incorporated into the mafic magma, partially resorbed, and mantled by 
a thin rim of hornblende crystals.
Rapakivi Texture
Rapakivi and antirapakivi texture occur in hybrid rocks associated with facies 2 
of the Island Lake dioritoid body. In the example shown in Figure 4-9, an anhedral crystal 
of microcline similar to microcline from the Pyramid Peak granite is epitaxially mantled 
by plagioclase, the boundary being highly irregular in shape. Hibbard (1981) proposed 
a magma mixing origin for rapakivi texture in which nucleation of epitaxial plagioclase 
is induced by undercooling of mafic liquid in the vicinity of an alkali feldspar xenocryst 
introduced from a more felsic liquid. The irregular boundary between the two feldspars 
may reflect partial resorption of the microcline before growth of the plagioclase.
Multicrystal Aggregates
Aggregates of several intergrown crystals occur as inclusions in hybrid rocks. 
Most include crystals of quartz, sodic oligoclase, and microcline, with or without biotite, 
the same mineral assemblage that comprises the Pyramid Peak granite. Apparently,
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Figure 4-9: Rapakivi microcline mantled by plagioclase in a hybrid dike (Sample 446054B). Field of view 
is 7 mm.
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clusters of crystals in partially solidified Pyramid Peak magma were incorporated into the 
hybrid magma in the same manner as individual crystals were.
Plagioclase Zoning
Zoning patterns in plagioclase crystals record a history of crystal growth from 
which the evolution of their coexisting liquids can be deduced. Plagioclase grains in 
dioritoids often have patchy-zoned, calcic cores (A 11̂ 75) which are separated from the 
surrounding, more sodic, plagioclase by irregularly embayed boundaries. There is usually 
a compositional discontinuity across the boundary. The calcic cores may represent 
refractory residues of partial melting in the source area which were incorporated in the 
magma, or they may indicate partial dissolution of early-formed plagioclase in response 
to a mixing episode with hotter, more mafic magma.
The outer, normally zoned portions of plagioclase crystals often have one or more 
step zones across which the plagioclase composition decreases abruptly. A step zone 
records a hiatus in crystallization in response to some event such as a pressure change 
during ascent of the magma or a compositional change resulting from a magma-mixing 
event.
Calcic and sodic spike zones record disequilibrium events during which a zone of 
plagioclase crystallizes which is markedly more calcic or more sodic than the preceding 
and succeeding zones. Calcic spikes are common in plagioclase crystals in hybrid rocks 




Figure 4-10: Calcic spike in plagioclase from a hybrid dike (Sample 449056). Field of view is 3.5 mm.
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An episode of magmatic interaction is the most likely disequilibrium event that 
would cause spike zones to form (Hibbard 1984, 1991). Calcic spikes would form when 
a plagioclase crystal comes into contact with a liquid capable of crystallizing a more 
calcic plagioclase. Upon re-establishment of equilibrium, normal plagioclase growth 
would resume. Sodic spikes would form when a crystal encounters a liquid capable of 
crystallizing more sodic plagioclase. The outer zone of the crystal would react with the 
liquid to form more sodic plagioclase. Normal crystal growth would resume when 
equilibrium is once more attained.
Acicular Apatite
Apatite crystals in dioritoids and hybrid rocks are markedly acicular with 
length:width ratios as great as 60:1 (Fig. 4-11). Acicular apatite has been noted in 
magma-mixed systems and cited as a mixing texture by other authors (e.g., Didier, 1973, 
1987; Reid and Hamilton, 1987; Hibbard, 1991). The habit is not the direct result of 
mixing, however, but of rapid growth in a quenched magma that may have resulted from 
mixing or some other process (Wyllie and others, 1962).
GEOCHEMICAL EVIDENCE
Geochemical data tend to be ambiguous and do not provide unequivocal 
confirmation of magmatic interaction in the Crystal Range suite. Geochemical data may 
also be consistent with other hypotheses such as fractional crystallization. Considered
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together with field and petrographic evidence, however, geochemical data provide 
permissive evidence for magmatic interaction between Pyramid Peak and dioritoid 
magmas with modifications by fractional crystallization in the dioritoids.
Harker diagrams of most elements and oxides define linear trends between 
dioritoids and Pyramid Peak granite, with hybrid rocks plotting at intermediate 
compositions along the trends (Fig. 4-12). Fractional crystallization can be ruled out as 
an explanation for these trends for the reasons discussed in Chapter III. The high degree 
of scatter in the dioritoids below mixing lines may reflect fractional crystallization before, 
during, or after emplacement.
Figure 4-13 displays geochemical variation across two contact zones between 
Pyramid Peak granite and dioritoid of Maude Lake, where hybrid zones occur along the 
contact (sample locations 421081 and 423088, Plate 1). Three samples were collected 
serially from each contact zone: one from the diorite, one from the granite, and one from 
the hybrid zone. Most elements show remarkably linear trends across contacts, 
particularly MgO and FeO, which is considered direct evidence for magma mixing across 
the contact. A120 3, CaO, Na20 , K20 , T i0 2, and P20 5 show linear trends in one or the 
other of the sample sets but not in both. Fe20 3 is slightly enriched in the hybrid zones 
of both sample sets, and the ratio of FeO to F e ^  changes markedly across the contact 
zones. High ratios reflect the abundance of hornblende, biotite, and pyroxenes in the 
diorites; low ratios reflect the influence of magnetite and biotite in the granite.
Chondrite-normalized rare earth element (REE) patterns also provide permissive 








Figure 4-12: Harker diagrams for samples from the Crystal Range suite.
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Figure 4-13: Geochemical variation across contact zones between dioritoid of Maude Lake and Pyramid 
Peak granite with intermediate hybrid zones. See text for explanation.
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light REE enrichment and a positive Eu anomaly as is typical of calc-alkaline basalt in 
subduction zones (Hess, 1989; Wilson, 1989). Pyramid Peak granite is also highly 
fractionated but has a negative Eu anomaly, reflecting the lack of calcic plagioclase. 
Hybrid rocks show weak or no Eu anomalies, which might indicate a canceling-out of the 
Eu anomalies by mixing of the dioritoid and granite magmas (Fig. 4-14).
Atomic Number
Figure 4-14: Average chrondrite-normalized rare-earth-element data lor dioritoids, microdiorites, Pyramid Peak granite, and hybrid rocks from the 
Crystal Range suite. 123
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CHAPTER V
MODEL FOR THE ORIGIN OF THE CRYSTAL RANGE SUITE
"Neither volcanism nor plutonism can be understood until 
we understand the formation of mountain chains."
-  RA. Daly, 1925
SUMMARY OF SIGNIFICANT FINDINGS
A genetic model for the Crystal Range suite must explain the following
observations and inferences which have resulted from this study:
(1) The Crystal Range suite was emplaced at 164±7 Ma into Jurassic metasedimentary 
and metavolcanic rocks at or near the beginning of a magmatic cycle.
(2) The Pyramid Peak and dioritoid magmas were emplaced simultaneously and 
interacted to form hybrid rocks along contacts and in dikes. Emplacement of the 
Crystal Range suite was preceded by intrusion of dioritoid bodies into 
metasedimentary and metavolcanic rocks and succeeded by emplacement of 
transverse microdiorite dikes.
(3) Strontium isotope data indicate a mantle source for the dioritoids and microdiorite 
dikes and an isotopically heterogeneous source with a continental crustal 
component for the Pyramid Peak granite.
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(4) Dioritoids have the overall composition of calc-alkaline basalt to basaltic andesite 
that are characteristic of active continental margin magmatic rocks. Dioritoid 
compositions were probably modified by a combination of mixing and fractional 
crystallization. The composition of the Pyramid Peak granite is approximately that 
of a minimum melt.
(5) Foliation in the Crystal Range suite suggests east-northeast/west-southwest 
shortening during emplacement and cooling. Microdiorite dikes filled extension 
fractures at right angles to the direction of shortening when the magmas were 
solidified enough to deform by fracturing.
(6 ) The Crystal Range suite probably had a dike-like shape that was aligned with the 
regional structural trend of earlier metamorphic rocks in the Mount Tallac pendant 
and the northern Sierra terrane. Individual dioritoid bodies and foliation patterns 
in the Crystal Range suite also are aligned with this trend, suggesting 
emplacement of the suite was controlled by geologic structures in the metamorphic 
rocks.
ORIGIN OF MAGMAS
The most reasonable mechanism for creating a mantle-derived mafic magma and 
a crustal anatectic silicic magma and allowing them to interact in space and time is crustal 
underplating. This mechanism has repeatedly been invoked as a means to provide heat 
and mass transfer to initiate and sustain magmatism in a variety of tectonic environments 
(e.g., Younker and Vogel, 1976; Wyllie, 1983, 1984; Hildreth, 1981; Hildreth and
Moorbath, 1988; Hollister and others, 1989; Sutcliffe, 1989). The underplating process 
is thought to be initiated by basaltic magma from the mantle wedge above a subducting 
slab collecting at the base of the crust above a subduction zone. Primary and latent heat 
from the cooling and solidifying basaltic liquid cause partial melting of crustal rocks, 
creating silicic magmas with liquidus temperatures several hundred degrees below that of 
the basaltic magma. Conductive modeling has shown that protoliths such as metapelite 
and amphibolite can yield magma bodies with melt fractions above the rheological limit 
of extraction for almost any reasonable geotherm (Huppert and Sparks, 1988; Bergantz, 
1989). Multiple intrusion of basaltic magma into the lower crust is required in most 
models to generate enough heat to produce significant volumes of silicic magma.
In the Crystal Range suite, the Pyramid Peak granite is inferred to represent the 
crustal end member of an underplating assemblage in the Jurassic magmatic arc. 
Dioritoid bodies and microdiorite dikes are viewed as products of the mantle-derived 
mafic end member. The compositional variability of the dioritoids suggests a complex 
history which may have included such processes as melting of multiple sources, mixing 
with other mafic magmas as well as silicic magmas, assimilation of crustal rocks, and 
fractional crystallization.
SEGREGATION AND ASCENT OF MAGMAS
An underplating model can explain the origins of the mafic and silicic magmas 
in the Crystal Range suite, but rheological problems must be overcome in order for the 
two magmas to interact and ascend together through the crust A situation in which a
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light, buoyant silicic magma overlies a denser mafic magma is gravitationally stable. The 
two liquids should not mix unless the system is physically perturbed, and gravitation 
would tend to separate a mixture unless immediately homogenized. Large viscosity 
differences between silicic and mafic liquids also inhibit mixing. A second problem is 
the difficulty of extracting a minimum-melt liquid from the solid fraction. Critical melt 
fractions for separation range between 30 and 50 percent (Bergantz, 1989, 1990; Miller 
and others, 1988). Melt fractions of such magnitude should no longer have a minimum- 
melt composition, but should be evolved toward a granodiorite.
The segregation, transport, and mixing of the mafic and silicic magmas require 
some tectonic perturbation in order to proceed. Recent research cited by Sawyer and 
Bedard (1991) has demonstrated a close spatial and temporal association between shear 
zones, melt segregation, and pluton emplacement. Shearing can be an efficient 
mechanism for separating small melt fractions from partially melted rocks into kilometer- 
scale magma bodies.
Deep crustal faulting and shearing could also perturb the gravitational stability of 
an underplated mafic-felsic magma system by providing conduits for the concomitant 
ascent of the two liquids. In such a situation, the high viscosity of the silicic magma 
retards its ascent in the crust. The denser, but more mobile, mafic magma can penetrate 
and interact with the silicic magma, leading to various degrees of hybridization depending 
on thermodynamic and rheological constraints.
There is ample evidence to support the existence of large prebatholithic crustal 
faults in the Sierra Nevada which could have acted as conduits for magmatic ascent. For
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example, Lahren and Schweickert (1989) and Lahren and others (1990) correlated lower 
Paleozoic metasedimentary rocks in the Snow Lake pendant, located near the northern 
boundary of Yosemite National Park, with the Stirling Quartzite, Wood Canyon 
Formation, Zabriskie Quartzite, and Carrara Formations of the western Mojave Desert and 
San Bernardino Mountains. They proposed that the rocks in the Snow Lake pendant were 
translated 400-500 km along an early Cretaceous dextral fault which they named the 
Mojave-Snow Lake fault.
Kistler (1990) indicated three right-lateral offsets, as large as 100 km, in the 
Sr,=0.706 isopleth for plutonic rocks in the Sierra Nevada. The westernmost offset 
coincides roughly with the range-front fault that bounds the west side of the Lake Tahoe 
basin. Kistler has interpreted the 8^=0.706 line as an expression of the edge of the North 
American continental lithosphere during the Mesozoic, and the offsets as expressions of 
Mesozoic right-lateral faults.
The alignment of the Crystal Range suite with the regional structural trend in older 
metamorphic terranes suggests that geologic structure influenced emplacement in the 
upper crust. Rocks in the Mount Tallac pendant were deformed principally by normal 
and reverse faulting and broad, upright flexural folding (Fisher, 1989). Ductile 
deformation was restricted to narrow shear zones and ductile faults. Some of the dioritoid 
intrusions in the Mount Tallac pendant appear to have been emplaced along faults that 




Later intrusions reflect a decreasing importance of structural conduits as plutonism 
continued. The Desolation Valley granodiorite has an overall dike-like shape with a 
strong north-northwest foliation pattern parallel to that of the Crystal Range suite. The 
Camper Flat granodiorite, the youngest of the Jurassic plutons, has a more equant shape, 
concentric foliation patterns, and discordant contacts with rocks in the Mount Tallac 
pendant, features that characterize large diapiric plutons in the Sierra Nevada batholith. 
Thermal softening brought on by continued plutonism may have rendered the crust more 
ductile, allowing the rise of large diapirs.
SEQUENCE OF EVENTS LEADING TO EMPLACEMENT 
OF THE CRYSTAL RANGE SUITE
According to the model developed herein, emplacement of the Crystal Range suite 
proceeded along the following sequence of events (Fig. 5-1):
(1) Early in a magmatic cycle, mafic magma having the composition of a hydrous 
basalt was generated in the mantle wedge above a subducting slab of oceanic 
lithosphere and collected at the base of the continental crust.
(2) Primary and latent heat from the mafic magma partially melted rocks at the base 
of the crust, producing a minimum-melt magma.
(3) Deep crustal faults and shear zones facilitated the segregation and ascent of mafic 
and silicic magmas. Mafic magma rose first along the conduits and formed 
dioritoid bodies in metavolcanic and metasedimentary rocks (Fig. 5-la).
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Figure 5-1: Sequence of events leading to emplacement of the Crystal Range suite. See text for explanation.
(4) Concomitant ascent of mafic and felsic magma along faults and shear zones and 
their interaction led to emplacement of granite, dioritoid, and hybrid components 
of the Crystal Range suite (Fig. 5-lb).
(5 ) Mafic magma filled transverse extension fractures in the cooling granite, 
dioritoids, and hybrid rocks, producing microdiorite dikes.
(6 ) As plutonism continued, melting and hybridization became more extensive in the 
lower crust, producing large volumes of granodiorite magma with entrained mafic 
enclaves. Thermal softening permitted the ascent of large granitic diapirs through 




"Even now, we are only on the threshold of understanding 
the tremendous role the Sierra Nevada has played in the 
geologic history of the West."
- -  Bateman and Wahrhaftig, 1966
INTRODUCTION
In order for the genetic model for the Crystal Range suite developed in Chapter 
V to be generally applicable, then the following predictions should hold for other mafic - 
felsic suites in the Sierra Nevada batholith:
(1) Mafic-felsic suites should appear in remnants of older rock surrounded by younger 
diapiric plutons.
(2 ) Mafic-felsic suites should be spatially associated with and intrusive into 
prebatholithic rocks and represent an early stage of a magmatic cycle.
(3) External contacts and internal structures should be parallel to regional structural 
trends in older rocks.
(4) Mafic and felsic components should be consanguine and show evidence of 
magmatic interaction.
In this chapter, other mafic-felsic suites in the Sierra Nevada are examined in the 
light of these criteria. Two broad categories of mafic-felsic suites are recognized:
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alaskite-hosted and granodiorite-hosted suites. The Crystal Range suite is an example of 
the former category. In granodiorite-hosted suites, the felsic component is somewhat 
more mafic, typically granodiorite, although other compositions do occur. Locations of 
mafic-felsic suites described below are shown in Figure 6-1.
ALASKITE-HOSTED MAFIC-FELSIC SUITES 
Alaskite of Graveyard Peak
The alaskite of Graveyard Peak crops out in the Mount Abbott (Lockwood and 
Lydon, 1975; Lockwood, 1975) and Kaiser Peak (Bateman and Lockwood, 1970; Bateman 
and others, 1971) 15-minute quadrangles in the central Sierra Nevada batholith. It 
extends northward into the Devil’s Postpile (Huber and Rinehart, 1965) and Mount 
Morrison (Rinehart and Ross, 1964) quadrangles where it was mapped as an alaskitic 
facies of the Cathedral Peak granite (Fig. 6-2).
In the Graveyard Lakes area, the alaskite is a medium- to coarse-grained, seriate 
rock consisting of quartz, microcline perthite, and sodic oligoclase, with <1% biotite and 
traces of magnetite, apatite, zircon, and allanite. Numerous bodies of diorite as long as 
2 km are enclosed in the alaskite (Fig. 6-3). A sample of one such body consists 
primarily of calcic andesine with hornblende and biotite occurring together in ragged 
clots. Evidence of intermingling between diorite and alaskite takes the form of lobate and 
cuspate contacts in which diorite protrudes into the alaskite. Mingling structures are not 
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Figure 6-1: Locations of mafic-felsic suites in the Sierra Nevada batholith.
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Figure 6-2: Geologic map of the alaskite of Graveyard Peak and associated rocks. Modified from Bateman and others (1971), Huber and Rinehart (1965), 
Lockwood and Lydon (1975), Rinehart and Ross (1964).




proceeded to the same degree. Petrographic evidence is limited to calcic spikes in 
plagioclase from a diorite sample.
Associated with the alaskite and diorite bodies is the granodiorite of Shelf Lake. 
This unit is a heterogeneous mixture of diorite, porphyritic diorite, and granodiorite in 
complex intermingled relationships (Fig. 6-4). In places, the rock has a well-banded, 
gneissoid appearance. Internal lobate, cuspate, and crenulate contacts between lithologies 
in the unit are common. Some intermediate lithologies contain phenocrysts or xenocrysts 
of feldspar and appear similar to some hybrid rocks in the Crystal Range suite.
The 99 m.y. (Stem and others, 1981) alaskite of Graveyard Peak is intruded on 
its east side by the approximately 80 m.y. (Stem and others, 1981) quartz monzonite of 
Mono Recesses and by the 90 m.y. (Stem and others, 1981) granodiorite of Lake Edison 
to the south. Along its eastern boundary, the alaskite is separated from younger plutons 
by a septum of older Jurassic metavolcanic rocks which it intrudes. Foliations in the 
alaskite strike predominantly toward the northwest
The model proposed for the Crystal Range suite can be considered a viable 
hypothesis for the alaskite of Graveyard Peak which could be tested by mapping and by 
petrographic and geochemical studies. At least some of the diorite bodies are 
consanguine with and mingled with the alaskite, and it is possible that the granodiorite 
of Shelf Lake is a product of mingling of alaskite and dioritic magmas. The pluton 
intrudes older metamorphic rocks, and its foliation is parallel to regional structural trends

139
in prebatholithic rocks. The pluton appears to be an older remnant that was intruded by 
large homogeneous diapiric plutons of granodiorite and quartz monzonite.
El Capitan Granite
Exposures of the El Capitan granite and associated diorites in the North American 
Wall, Yosemite National Park, provide a spectacular example of magmatic interaction on 
a grand scale. A series of dikes and irregular bodies of diorite invaded the granite, 
forming a pattern of the east wall of El Capitan that crudely resembles a map of North 
America (Fig. 6-5). Reid and others (1983) cited field, petrographic, and geochemical 
evidence that documented mingling and mixing of the alaskitic and dioritic magmas. 
Evidence included rounded "pillows" of mafic magma chilled against lighter-colored host 
rocks and a spectrum of mixed rocks whose compositions range between the two end 
members.
The El Capitan granite and associated diorites meet some, but not all, of the 
criteria of the Crystal Range suite model. The 103 m.y. granite does intrude older 
metamorphic rocks along a portion of its western boundary, but it is not the earliest 
pluton in the area. It also intrudes the slightly older granodiorite of the Gateway (Stem 
and others, 1981). The dike-like nature of the diorite bodies at the North American Wall 
suggests the granite was sufficiently rigid to sustain fracture when the diorite invaded. 
Reid and others (1983) assumed the solid granite partially melted and mingled with the 
mafic magma, but the granite may only have been partially solidified when the diorite
Figure 6-5: Sketch of diorite dikes exposed on the east face of El Capitan in Yosemite Valley. 
Dikes form a crude map of North America. From Calkins and others (1985).
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invaded. Residual granitic liquid may have migrated into fractures along with the mafic 
magma where they mingled and mixed to produce a suite of intermediate rocks.
Other Possible Alaskite-Hosted Suites
The leucogranite of Big Sandy Bluffs, located in the Shaver Lake quadrangle of 
the central Sierra Nevada (Lockwood and Bateman, 1976), and the alaskite at Rubicon 
Point, located on the west shore of Lake Tahoe in the Fallen Leaf Lake quadrangle 
(Loomis, 1983) may be additional examples of alaskite-hosted mafic-felsic suites, but they 
are too poorly exposed to observe in detail. Both enclose bodies of dioritoid or gabbroid, 
but the nature of contacts has not been determined.
The 93 m.y. (Stem and others, 1981) leucogranite of Big Sandy Bluffs is an 
arcuate body, about 14 km long by 3.5 km wide, that is surrounded on all sides by the 
older tonalite of Blue Canyon. It is not in contact with older metamorphic rocks, but 
remnants of metasedimentary and metavolcanic rocks occur within a few kilometers.
The alaskite at Rubicon Point is remarkably similar in composition to the Pyramid 
Peak granite which is 10 km to the southwest. It is in contact with the Phipps Pass 
granodiorite, but age relations are unknown.
Wahrhaftig (unpublished map of the Tower Peak 15-minute quadrangle) has 
mapped a number of mafic igneous bodies associated with granite and alaskite plutons 
bounding the southern side of the Snow Lake pendant near the northern boundary of 
Yosemite National Park. Map patterns and lithologies are reminiscent of the Crystal 
Range suite and granite-mafic contacts show complex interpenetrating relationships
(Wahrhaftig, 1991, oral communication). Schweickert (1991, oral communication) has 
also observed magmatic interaction structures in the field in this area. The spatial 
association of possibly consanguine alaskitic and mafic igneous rocks with older 
metamorphic rocks is consistent with the Crystal Range suite model, but data on age and 
structural relationships with metamorphic rocks and adjacent plutons are not available.
GRANODIORITE-HOSTED MAFIC-FELSIC SUITES 
Lamarck Granodiorite
The Lamarck granodiorite is exposed over 400 km2 in the east-central Sierra 
Nevada southwest of Bishop, California (Moore, 1963; Bateman, 1965; Bateman and 
Moore, 1965; Lockwood and Lydon, 1975). The 89.5 m.y. body (Stem and others, 1981) 
dips steeply under late Jurassic metasedimentary rocks of the Bishop Creek pendant on 
its east side and is cut by younger plutons which define its other boundaries (Fig. 6-6). 
The body is highly elongated toward the north-northwest, parallel to the regional 
structural trend, and well foliated parallel to its length.
Frost and Mahood (1987) documented abundant evidence for magmatic interaction 
between the Lamarck granodiorite and associated mafic enclaves and synplutonic dioritic 
bodies. Evidence included lobate and cuspate contacts that are convex toward the 
granodiorite, chilled margins of diorites, hybridization along contacts, ocellar quartz, 
acicular apatite, and linear Harker diagrams with hybrids occupying intermediate positions 
between mafic and felsic end members. Composite aplite-diorite dikes occur commonly 
in the granodiorite (Fig. 6-7). They are similar to those observed in the Crystal Range
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Figure 6-6: Geologic map of the Lamarck granodiorite and associated rocks. Modified from Moore (1963), 
Bateman (1965), Bateman and Moore (1965), Lockwood and Lydon (1975).
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suite and, intriguingly, they are transverse to the structural trend as are microdiorite dikes 
in the Crystal Range suite.
The Lamarck granodiorite and associated mafic rocks meet all of the criteria of 
the Crystal Range suite model. It is among the earliest plutons to intrude metamorphic 
rocks in the area, it is structurally aligned with regional trends, and consanguine mafic 
and felsic magmas mingled and mixed to produce hybrid rocks.
Granodiorite of Bummer Flat
Huber (1983) defined and mapped the granodiorite of Bummer Flat in the 
Pinecrest 15-minute quadrangle of the central Sierra Nevada. The approximately 90 km2 
pluton is a medium- to coarse-grained porphyritic granodiorite with K-feldspar megacrysts 
averaging about 2 cm in length and with a color index of about 10. Preliminary Rb-Sr 
data indicate an age of about 101 Ma (Huber, 1983). The pluton is intruded on its west 
side by the 86 m.y. (John, 1983) granodiorite of Kinney Lakes, and on its north, west, and 
east sides by the 91 m.y. (John, 1983) granodiorite of Poopenaut Valley.
Within the pluton near its eastern boundary is a north-south-trending belt of 
diorite-gabbro bodies that extends for 9 km (Fig. 6-8). The zone terminates at each end 
at the contact with the granodiorite of Poopenaut Valley. Individual mafic bodies are 
highly elongated along the trend of the zone and are as long as 2.2 km. Huber (1983) 
described these bodies as extremely variable in grain size, texture, and composition and 
noted that some intrude the granodiorite, but most appeared to be xenoliths. A 
reconnaissance of the northern part of the zone revealed abundant evidence of magmatic
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Figure 6-8: Geologic map of the granodiorite of Bummer Rat and associated rocks. Modified from Huber (1983).
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interaction between the mafic bodies and surrounding granodiorite in the form of lobate 
and cuspate contacts and interpenetrating relationships.
Within the same zone are several remnants of pre-Cretaceous quartz-biotite- 
plagioclase schist which are also highly elongate along the trend of the zone and are as 
long as 2.7 km. Remnants are intruded by granodiorite and by mafic bodies.
Observed relationships can be interpreted in terms of the Crystal Range suite 
model. The granodiorite of Bummer Flat is a remnant of a once-larger pluton that has 
been intruded on all sides by younger, areally extensive plutons. The zone of mafic 
bodies is associated with older metamorphic rocks, and the linearity of the zone and 
parallel elongation of mafic bodies and metamorphic remnants suggests the zone may 
have been fault controlled.
Guadalupe Igneous Complex
The approximately 150 km2 Guadalupe igneous complex is located in the 
Guadalupe Mountains and Cathay Valley area of the western Sierra Nevada foothills 
southwest of Mariposa, California. The 151±1 Ma (Saleeby and others, 1989a) complex 
is elliptical in map view, and its long axis trends northwest parallel to the regional 
foliation of metamorphic country rock which surrounds the body. According to Best 
(1963), compositions range from olivine-bearing gabbro, which comprises the western 
half of the complex, through diorite and quartz monzonite in the central portion, to granite 
and granophyre in the eastern half (Fig. 6-9). Contacts are gradational throughout the 























medium-grained granite to granodiorite, marks the transition between the mafic and felsic 
portions of the complex. Enclaves tend to be angular but many are rounded with cuspate 
margins.
Best (1963) interpreted the progression of compositions in the complex as a result 
of fractional crystallization of a parent basaltic magma and cites convincing evidence to 
support his argument. Much of his evidence is also consistent with a magmatic 
interaction model, however. The mixed zone, which Best (1963) surmised formed from 
a collapsed mafic carapace that once lined the roof of the magma chamber, may represent 
a zone of interaction between gabbroic and granitic end members. Quartzo-feldspathic 
segregations in dioritic rocks near the mixed zone, interpreted as bodies of trapped 
residual magma by Best (1963), may have formed from globules of granitic magma that 
were physically incorporated into the mafic magma. Best (1963) also notes rapakivi-like 
textures in granites where highly elongated plagioclase crystals are mantled by alkali 
feldspar. Hibbard (1981) has attributed such mantling textures in feldspars to magmatic 
interaction. Additional field, petrographic, and chemical work are needed to determine 
if and to what extent magmatic interaction occurred.
The Guadalupe igneous complex differs from the Crystal Range suite in most 
respects. It is a mesozonal body with concordant contacts and an extensive metamorphic 
aureole, suggesting the country rock behaved in a ductile manner during emplacement. 




Eagle Lake Dike Complex
Furman and Spera (1985) described a 2- to 4-m-wide entrainment of basaltic 
enclaves which transects the 99±1 m.y. Eagle Lake quartz monzodiorite located at Eagle 
Lake in the Mineral King area of Sequoia National Park. The quartz monzodiorite forms 
the southern and western boundaries of the Mineral King roof pendant of metavolcanic 
and calc-silicate rocks. The complex is situated several hundred meters from the pendant 
and trends east-west for about 140 m normal to the contact and to foliation in the host 
rock.
The dike complex consists mainly of rounded enclaves of porphyritic diorite in a 
matrix of quartz monzodiorite. About 25 percent of the enclaves have chilled rinds 
around them. Other components of the dike complex include rotated blocks of host rock, 
unfoliated granodiorite, and mafic schlieren. A thin aplitic seam marks the northern 
boundary of the complex with the host rock. It is reminiscent of aplitic margins in 
composite dikes of the Crystal Range suite and Lamarck granodiorite but is much thinner. 
Unfoliated granodiorite might represent partial melting of the host and mixing with the 
mafic magma, although there is no direct evidence available to support this speculation.
A reconnaissance of the Eagle Lake area revealed several enclave swarms in the 
quartz monzodiorite but no other features like the dike complex. One intriguing feature, 
about 100 m southwest of the complex, is a series of aplite dikes, a few centimeters wide, 
which were deformed into concentric 180-degree arcs that are symmetrical about a plane 
that is parallel to the nearby contact with the roof pendant. Apparently, fractures formed
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in the quartz monzodiorite by brittle failure and filled with aplitic liquid, but the rock was 
also capable of deforming plastically, allowing the folds to form.
The Eagle Lake dike complex is unique and cannot be compared to criteria of the 
Crystal Range suite model. The quartz monzodiorite pluton does intrude older 
metamorphic rocks; its foliation is parallel to the intrusive contact and to layering in the 
pendant; and magmatic interaction did occur in the dike complex. However, the complex 
is normal to foliation and to the contact with the pendant, suggesting it filled a late-stage 
extensional fracture in much the same way that microdiorite dikes filled transverse 
fractures in the Crystal Range suite and that composite dikes formed in the Lamarck 
granodiorite.
SUMMARY AND CONCLUSIONS
Of the mafic-felsic suites that have been visited and described herein, the alaskite 
of Graveyard Peak is the most similar to the Crystal Range suite. Its lithology is 
remarkably similar to the Pyramid Peak granite; dioritic and alaskitic magmas interacted 
at least to a limited extent; it is in contact with metamorphic rocks; and it was among the 
earliest plutons to be emplaced in the area. The relationship of the granodiorite of Shelf 
Lake to the alaskite and diorite is particularly intriguing. Mingling structures are evident 
throughout this unit, and it is conceivable that it could be a product of mingling and 
mixing of the alaskite and diorite magmas. Field, petrographic, and geochemical studies 
are needed to test this hypothesis, to establish the extent of interaction in the suite, and 
to document contact relations with metamorphic rocks.
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The El Capitan granite and associated mafic rocks are also similar to the Crystal 
Range suite, but the mafic bodies are clearly dike-like and were emplaced sequentially 
after the granite had at least partially crystallized.
Relationships between leucogranites and associated mafic bodies near the Snow 
Lake pendant have not been documented in detail. Intensive field, petrographic, and 
geochemical data are required to establish if and to what extent interaction occurred and 
the degree to which structures in the pendant influenced emplacement.
Among granodiorite-hosted suites, the Lamarck granodiorite and the granodiorite 
of Bummer R at fit the Crystal Range suite model best Magmatic interaction in the 
Lamarck granodiorite has been well documented by Frost and Mahood (1987); the unit 
is in contact with metamorphic rocks and younger plutonic rocks; and it is elongated 
parallel to regional structural trend. Relationships between diorite bodies, associated 
metamorphic pendants, and the enclosing granodiorite of Bummer Flat are not well 
known. Mingling structures are evident in places, but it is not known to what extent 
interaction occurred. The linearity of the belt of mafic and metamorphic bodies and their 
parallel orientation suggest possible fault control. Again, field, petrographic, and 
geochemical studies are needed to address these questions.
Evidence linking other mafic-felsic suites to the Crystal Range suite model is, at 
this stage, highly circumstantial, and the model itself is somewhat speculative. The model 
is useful in that it focuses on the role of interaction between mafic and felsic end 
members in the evolution of the Sierra Nevada batholith and on changing physical states 
of the crust at various stages of a magmatic cycle. Time will determine if this model or
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SiO, 0.01 % XRF
Ti02 0.01 % XRF
ai2o 3 0.01 % XRF
Fe,03 0.01 % XRF
FeO 0.10 % WC
MgO 0.01 % XRF
CaO 0.01 % XRF
MnO 0.01 % XRF
Na,0 0.01 % XRF
K20 0.01 % XRF
p2o 5 0.01 % XRF
LOI 0.01 %
Ba 10.00 PPM XRF
Be 1.00 PPM DCP
Co 1.00 PPM INAA
Cs 1.00 PPM INAA
Hf 1.00 PPM INAA
Nb 10.00 PPM XRF
Ni 1.00 PPM DCP
Rb 10.00 PPM XRF
Sc 0.50 PPM INAA
Sr 10.00 PPM XRF
Ta 1.00 PPM INAA
Th 0.50 PPM INAA
U 0.50 PPM INAA
V 2.00 PPM DCP
Y 10.00 PPM XRF
Zr 10.00 PPM XRF
La 0.50 PPM INAA
Ce 3.00 PPM INAA
Nd 5.00 PPM INAA
Sm 0.10 PPM INAA
Eu 0.20 PPM INAA
Tb 0.50 PPM INAA
Yb 0.20 PPM INAA
Lu 0.05 PPM INAA
XRF = X-ray fluorescence
WC = Wet chemistry
DCP = Direct coupled plasma analysis
INAA = Instrumental neutron activation analysis
Analyses by XRAL Activation Services, Inc., Ann Arbor, ML
A - 3
Chemical and Modal Data for Rocks from the Crystal Range Suite 
______________________ Pyramid Peak Granite
T ab le  A-2
Vlaior Elements (weight percent) 421081A 423088C 431057 431058A 431058B 431095 440066A 445039 449057
SiOj 71.10 73.90 72.10 77.20 76.90 72.20 74.20 70.80 71.80
TiOj 0.43 0.26 0.34 0.17 0.15 0.37 0.26 0.38 0.40
A1A 14.70 13.40 14.00 12.10 12.50 13.90 13.40 14.60 1430
Fe,0, 0.70 0.57 0.96 0.49 0.37 0.66 0.70 1.06 0.84
FeO 1.80 1.00 0.98 0.70 0.60 1.60 0.90 1.18 1.40
MgO 0.78 0.35 0.53 0.21 0.15 0.56 0.37 0.46 059
CaO 2.07 1.09 1.53 0.70 0.79 1.48 1.14 1.63 156
MnO 0.06 0.07 _
^ 0 4.03 3.51 3.88 3.26 3.45 4.09 3.70 4.52 3.91
K,0 3.60 4.94 4.62 4.54 4.54 4.35 4.78 4.43 4.61
P A 0.11 0.06 0.09 0.03 0.03 0.09 0.06 0.13 0.09
LOI 0.62 0.54 0.62 0.23 0.39 0.54 0.31 0.62 0.08
Total 99.94 99.62 99.71 99.63 99.87 99.84 99.82 99.88 9958
Trace Elements (parts per m illion)
Ga 980.00 530.00 832.00 380.00 390.00 560.00 490.00 645.00 71000
Be 3.00 5.00 5.00 3.00 2.00 3.00 2.00 5.00 400
Co 6.00 4.00 4.00 4.00 3.00 5.00 4.00 3.00 5.00
Cs 4.00 5.00 4.00 3.00 3.00 2.00 1.00 5.00 300
Hf 7.00 4.00 5.00 4.00 3.00 7.00 5.00 8.00 600
Nb 20.00 20.00 33.00 30.00 10.00 20.00 20.00 23.00 1000
Ni 16.00 12.00 6.00 1 1 .0 0 9.00 14.00 9.00 5.00 1400
Rb 110.00 160.00 157.00 140.00 120.00 120.00 110.00 149.00 13000
Sc 4.90 3.40 4.30 2.30 1.80 6.60 3.20 5.20 4.80
Sr 300.00 150.00 223.00 80.00 90.00 170.00 110.00 173.00 19000
Ta 1.00 1.00 2.00 1.00 1.00 . . . 2.00 100
Th 9.70 29.00 18.00 18.00 26.00 12.00 28.00 22.00 2100
U 2.30 9.80 5.50 2.80 2.10 2.00 3.20 7.30 250
V 35.00 20.00 23.00 18.00 1 1 .0 0 30.00 21.00 19.00 2600
Y 10.00 40.00 20.00 36.00 2000
Zr 240.00 150.00 189.00 120.00 110.00 230.00 150.00 284.00 22000
La 49.30 52.70 35.70 46.90 24.90 36.30 43.40 48.00 4700
Ce 78.00 89.00 60.00 79.00 44.00 69.00 73.00 88.00 7500
Nd 24.00 27.00 20.00 24.00 14.00 24.00 24.00 32.00 2500
Sm 3.50 3.70 3.20 3.30 2.10 4.00 3.40 5.20 3.80
Eu 0.80 0.50 0.60 0.60 0.30 0.50 0.40 1.20 060
Tb 0.50 0.50 0.70 0.60 1.00 050
Yb 1.90 1.70 2.00 2.00 0.90 1.90 1.10 3.20 1.90
Lu 0.29 0.27 0.30 0.29 0.16 0.28 0.18 0.48 029
Modes (percent)
Quartz 31.10 25.20 30.9 31.10 33.90 30.30 35.30 29.50 24.10
Plagioclase 40.40 29.80 32.4 34.60 32.60 42.10 29.00 32.60 2920
K-Feldipar 16.50 42.00 30.4 31.50 31.60 20.40 31.20 31.60 4130
Biotite 11.60 2.70 5.5 2.30 1.60 5.90 3.60 5.10 3.40
Hornblende . . . 0.10 0.2 . . . 0.80 0.10 0.40 100
Magnetite 0.20 0.20 0.50 0.50 0.20 0.40 0.60 0.50 100
Sphene 0.20 0.10 . . . . . . 0.10 0.10 0.30
Apatite . . . 0.10
Other . . . 0.10 tr tr t r




T ab le  A-2 (continued)
C hem ical and  M odal Data fo r Rocks from  the  C ry sta l R ange Suite
Dioritoids
Maude Lake Island Lake
Maior Elements (weight percent) 416081 421081C 423088A 430090 428057 434060 436063
Si02 49.20 56.10 53.10 54.10 54.90 56.30 54.70
TiOj 2.41 1.18 0.64 1.14 1.50 1.34 1.54
A120 3 16.30 17.30 18.40 17.90 16.80 17.20 16.90
f< A 1.80 1.68 1.74 1.52 3.85 3.15 3.32
FeO 7.00 5.10 6.40 6.60 5.00 4.20 4.70
MgO 6.36 4.36 5.29 4.87 3.42 3.41 3.99
a o 9.40 7.16 9.51 8.32 6.47 6.59 7.17
MnO 0.15 0.12 0.16 0.14 0.16 0.13 0.14
NajO 2.97 3.54 2.61 3.01 4.07 3.67 3.59
KjO 1.32 1.94 0.81 1.15 1.78 2.16 1.89
P A 0.28 0.33 0.08 0.18 0.28 0.31 0.36
LOI 1.00 1.00 0.85 0.16 0.93 0.93 0.77
Total 98.19 99.81 99.59 99.09 99.16 99.39 99.08
Trace Elements (parts p e r million)
Ba 320.00 560.00 350.00 490.00 740.00 740.00 700.00
Be 3.00 3.00 3.00 4.00 4.00 3.00 3.00
Co 43.00 23.00 27.00 28.00 21.00 22.00 2600
Cs 3.00 3.00 1.00 1.00 1.00 2.00 3.00
Hf 4.00 4.00 1.00 3.00 9.00 7.00 4.00
Mb 20.00 20.00 20.00 20.00 20.00 10.00
Ni 83.00 49.00 27.00 32.00 34.00 30.00 38.00
Rb 30.00 70.00 20.00 30.00 60.00 70.00 60.00
Sc 30.30 17.70 30.80 27.50 20.90 17.90 20.00
Sr 520.00 620.00 550.00 580.00 590.00 620.00 640.00
Ta 1.00 1.00 1.00
Th 2.80 3.50 2.50 3.50 7.40 5.60 5.60
U 1.00 1.60 0.70 0.80 2.00 1.90 1.50
V 260.00 160.00 190.00 260.00 250.00 180.00 190.00
Y 40.00 20.00 20.00 10.00 KX00
Zr 160.00 180.00 60.00 110.00 380.00 240.00 210.00
La 18.00 23.70 10.00 20.10 36.70 33.20 31.10
Ce 38.00 46.00 23.00 46.00 80.00 66.00 58.00
Nd 18.00 19.00 10.00 20.00 33.00 27.00 2600
Sm 3.70 3.60 2.10 3.70 6.30 4.80 5.00
Eu 1.60 1.20 1.00 1.20 1.90 1.80 1.80
Tb 0.50 0.70 0.60 0.60
Yb 1.70 1.30 1.40 1.70 2.50 1.80 1.80
Lu 0.27 0.20 0.23 0.25 0.38 0.26 0.26
Modes (percent)
Quartz 2.70 12.20 5.00 2.20 13.10 14.70 12.20
Plagioclase 50.10 53.80 49.70 69.00 54.60 55.80 49.50
K-Feldspar 0.80 0.10 0.30 1.90 0.70
Biotite 9.90 15.90 9.70 5.90 8.80 10.90 12.20
Hornblende 33.90 15.60 20.60 9.00 19.30 14.00 21.70
Clinopyroxene 8.90 11.30
Magnetite 2.30 0.10 3.30 1.50 2.00 0.90 1.30
Sphene 0.50 0.90 1.70 1.50 2.10
Apatite 0.60 0.70 2.80 1.00 0.20 0.30 0.30
Other . . .
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
= not detected
tr = trace
T ab le  A-2 (continued)
C hem ical and  M odal D ata fo r R ocks from  the C rystal R ange Suite
A - 5
Dioritoidi
Island Lake_________________________ Lake Lois
Facies 2 Facies 1
Maior Elements (weight percent) 436065 440067 443068 446054A 447054 453057A 429112
SiOj 53.00 53.40 48.40 49.50 55.60 50.40 57.30
TiO, 1.82 1.36 1.60 2.22 1.76 1.68 0.69
A 1A 17.10 17.60 17.30 1690 16.40 1680 15.20
F e A 3.70 2.08 2.26 3.25 3.46 2.49 1.62
FeO 5.24 5.40 6.40 6.00 4.70 7.04 6.50
MgO 3.67 5.10 7.66 5.04 3.06 5.63 4.51
CaO 6.52 8.48 8.80 8.08 5.93 8.55 8.18
MnO 0.16 0.13 0.14 0.15 0.15 0.15 0.16
NajO 4.01 3.23 2.64 3.29 3 .% 3.33 2.10
K ,0 2.21 1.50 1.92 1.88 2.33 1.84 1.91
P A 0.66 0.31 0.25 0.62 0.71 0.52 0.23
LOI 0.93 0.93 1.08 1.00 0.54 1.23 0.77
Total 99.02 99.52 98.45 97.93 98.60 99.66 99.17
Trace Elements (parts per m illion) 
Ba 795.00 460.00 250.00 560.00 740.00 5 1 6 0 0 680.00
Be 5.00 3.00 3.00 5.00 5.00 3.00 4.00
Co 22.00 30.00 43.00 31.00 17.00 3 6 0 0 30.00
Cs 2.00 2.00 4.00 2.00 3.00 1.00 4.00
Hf 6.00 4.00 3.00 4.00 6 0 0 5.00 4.00
Nb 33.00 20.00 30.00 30.00 30.00 38.00 . . .
Ni 26.00 63.00 160.00 42.00 17.00 49.00 23.00
Rb 38.00 50.00 80.00 60.00 70.00 6 6 0 0 60.00
Sc 18.50 22.90 22.70 37.40 18.10 24.80 34.30
Sr 627.00 600.00 560.00 690.00 610.00 609.00 510.00
Ta 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Th 4.40 2.60 2.30 4.30 6.70 4.00 7.50
U 1.60 1.30 1.20 1.70 2.90 1.60 1.80
V 184.00 170.00 200.00 250.00 150.00 202.00 220.00
Y 33.00 20.00 40.00 20.00 30.00 30.00
Zr 278.00 170.00 130.00 110.00 250.00 208.00 120.00
La 38.60 23.40 15.30 35.60 43.10 29.90 2610
Ce 73.00 53.00 33.00 74.00 85.00 54.00 5ZOO
Nd 31.00 21.00 15.00 36 0 0 3 6 0 0 25.00 23.00
Sm 5.90 3.90 3.30 7.70 6.70 5.20 4.50
Eu 2.20 1.60 1.30 2.80 2.30 2.00 0.80
Tb 0.80 0.50 1.10 0.80
Yb 2.50 1.70 1.70 2.80 2.40 1.90 1.90
Lu 0.37 0.25 0.24 0.37 0.35 0.31 0.31
Modes (percent) 
Quartz 7.9 5.90 2.80 6.20 1640 0.90 10.00
Plagioclase 57.2 47.90 45.30 50.90 54.40 50.50 40.60
K-Feldspar 0.8 0.30 1.30 0.10
Biotite 18.3 13.00 18.60 1610 13.00 17.90 1610
Hornblende 12.2 30.40 31.40 19.80 7.80 29.40 31.60
Clinopyroxene 0.30
Magnetite 2.20 1.00 1.20 3.00 2.70 0.70 0.10
Sphene 1.40 1.00 1.30 2.30 tr 1.40
Apatite . . . 0.50 0.70 2.70 2.10 0.20 0.20
Other . . . . . .
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
= not detected
tr = trace
T ab ic  A-2 (continued)
C hem ical an d  M odal D ata fo r Rocks from  the  C ry sta l R ange Suite
A - 6
Hybrid Rocks
Maior Elements (weight percent) 421081B 423088B 442066 446054B 449056
SiOj 61.50 62.10 62.30 70.60 64.10
TiOj 0.97 1.16 1.13 0.43 0.94
A1j0 3 16.40 15.20 15.20 14.40 15.10
Fe,0, 1.67 1.74 1.87 1.15 1.81
FeO 3.80 4.00 3.90 1.40 3.20
MgO 2.95 2.45 2.85 0.88 2.19
CaO 5.58 4.46 4.75 2.36 4.43
MnO 0.10 0.11 0.11 . . . 0.12
NajO 3.72 4.01 3.83 3.95 3.92
KjO 2.02 2.86 2.72 3.79 3.16
P A 0.22 0.35 0.37 0.11 0.24
LOI 0.47 0.62 0.54 0.47 0.39
Total 99.40 99.06 99.57 99.54 99.60
Trace Elements (parts per million)
Ba 550.00 730.00 600.00 940.00 710.00
Be 3.00 4.00 4.00 4.00 4.00
Co 17.00 16.00 19.00 6.00 15.00
Cs 4.00 2.00 1.00 3.00 7.00
Hf 5.00 7.00 7.00 5.00 5.00
Nb 10.00 30.00 30.00 20.00 30.00
Ni 30.00 31.00 37.00 15.00 31.00
Rb 80.00 70.00 90.00 110.00 120.00
Sc 14.60 13.80 15.20 5.40 13.50
Sr 510.00 390.00 360.00 310.00 510.00
Ta 1.00 1.00 1.00 1.00 1.00
Th 9.10 6.20 9.30 17.00 15.00
U 3.00 1.90 1.40 4.70 5.00
V 120.00 120.00 120.00 52.00 110.00
Y 30.00 30.00 20.00 20.00 20.00
Zr 210.00 320.00 260.00 170.00 160.00
La 31.60 37.00 40.40 36.60 35.30
Ce 61.00 75.00 80.00 62.00 65.00
Nd 22.00 30.00 33.00 20.00 25.00
Sm 3.80 5.50 5.90 3.00 4.30
Eu 1.20 1.80 1.50 1.00 1.30
lb 0.70 0.90 0.60
Yb 1.80 2.20 2.80 1.60 1.90
Lu 0.30 0.33 0.40 0.24 0.28
Modes (percent! 
Quartz 20.20 16.90 22.50 27.80 21.10
Plagioclase 53.20 54.90 47.70 47.60 51.60
K-Feldspar 2.00 9.20 14.80 2.00
Biotite 15.30 14.30 11.80 7.60 7.70
Hornblende 10.20 10.50 7.40 0.80 13.60
Magnetite 0.10 1.00 1.10 1.10 1.40
Sphene 1.00 0.40 0.30 0.30 1.80
Apatite 0.80
Other . . . . . . . . .




T ab le  A-2 (continued)
C hem ical an d  M odal D ata  fo r Rocks from  the  C rysta l R ange Suite
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••• = not detected
H = trace
T ab le  A-3
A - 8
C hem ical an d  M odal D ata  fo r R ocks O th e r th an  the  C ry sta l Suite
Azure Lake Dicks Lake Desolation Valley Eagle Falls
Gid Grd Grd Anorth
Maior Elements (weight percent) 485123 472116 476116 453066 468066 486134
SiOj 61.60 60.40 69.90 66.90 66.10 49.70
TiOj 0.82 0.73 0.38 0.45 0.46 1.32
A1,0, 17.30 17.20 14.90 15.70 15.60 20.50
F e A 2.24 2.27 1.00 1.43 1.11 3.64
FeO 3.30 3.40 1.70 2.49 2.86 6.22
MgO 2.42 2.70 1.13 1.58 1.59 4.87
CaO 5.83 6.26 1 9 1 3.77 3.98 9.88
MnO 0.09 0.10 0.06 0.08 0.08 0.14
Na,0 3.77 3.71 3.09 3.36 3.47 3.07
K;0 1.90 1.87 4.09 3.29 3.24 0.31
P A 0.20 0.20 0.10 0.12 0.12 0.31
LOI 0.39 0.77 0.62 0.62 0.77 0.16
Total 99.86 99.61 99.88 99.79 99.38 100.12
Trace Elements (parts per m illion) 
Ba 960.00 930.00 1000.00 1040.00 998.00 296.00
Be 3.00 3.00 3.00 3.00 3.00 3.00
Co 17.00 18.00 8.00 10.00 11.00 33.00
Cs 2.00 2.00 4.00 4.00 4.00 ...
Hf 3.00 4.00 5.00 4.00 4.00 ...
Mb 10.00 20.00 23.00 19.00 ...
Ni 16.00 21.00 8.00 8.00 9.00 30.00
Rb 50.00 70.00 140.00 11100 119.00
Sc 8.80 13.10 5.90 9.70 9.60 16.50
Sr 770.00 620.00 330.00 461.00 449.00 1020.00
Ta 1.00 . . .
Th 4.40 5.70 28.00 12.00 12.00
U 1.40 2.10 6.80 4.50 5.10
V 120.00 130.00 54.00 74.00 74.00 156.00
Y 15.00
Zr 120.00 190.00 160.00 135.00 151.00
La 19.90 2 1 4 0 27.40 28.10 23.90 10.90
Ce 35.00 46.00 50.00 46.00 41.00 23.00
Nd 17.00 20.00 19.00 17.00 16.00 11.00
Sm 3.20 3.80 3.00 2.90 2.80 2.30
Eu 1.00 1.10 0.70 1.10 0.80 1.20
Tb 0.50
Yb 0.80 1.10 1.10 1.50 1.40 0.60
Lu 0.11 0.17 0.18 0.25 0.25 0.08
Modes (percent) 
Quartz 17.00 18.80 39.90 25.8 26.0
Plagioclase 56.00 60.40 41.20 51.0 50.0 75.90
K-Feldspar 4.90 0.80 5.80 7.3 8.9
Biotite 12.60 13.50 9.30 12.5 12.1
Hornblende 8.30 6.00 3.30 1 8 2.7 . . .
Clinopyroxene . . . 0.20 14.00
Orthopyroxene . . . . . . 6.70
Magnetite 1.20 0.50 0.20 0.40 0.30 3.00
Sphene . . . . . . 0.10
Apatite . . . . . . 0.10 . . . 0.30
Other . . . 0.10 . . . 0.10




T ab le  A-3 (continued)
C hem ical an d  M odal D ata  fo r Rocks O th e r th an  the  C ry sta l Suite
Echo Lake Glen Alpine Keiths Dome
Otd________  __________Grd_______  _______ Qz. Monz.
Maior Elements (weight percent) 543052 558031 509060 512067 520030 522038
SIO, 70.80 70.70 67.00 68.10 64.00 63.70
TiOj 0.35 0.34 0.49 0.43 0.59 0.60
AljO- 15.00 15.10 15.90 15.60 16.20 16.10
F e A 1.12 1.30 1.50 1.51 1.41 1.50
FeO 1.20 1.10 2.30 1.90 3.48 3.51
MgO 0.72 0.70 1.58 1.35 1.59 1.55
CaO 2.15 2.18 3.91 3.27 3.58 3.88
MnO 0.09 0.08 0.08 0.07 0.10 0.08
Na,0 4.42 4.48 3.37 3.24 3.43 3.43
KjO 3.33 3.56 3.10 3.55 4.67 4.65
P A 0.11 0.10 0.15 0.15 0.19 0.20
LOI 0.39 0.47 0.62 0.70 0.70 0.93
Total 99.68 100.11 100.00 99.87 99.94 100.13
Trace Elements (parts per m illion) 
Ba 1100.00 1300.00 970.00 950.00 720.00 760.00
Be 3.00 3.00 3.00 3.00 4.00 3.00
Co 4.00 4.00 10.00 8.00 10.00 10.00
Cs 4.00 4.00 6.00 7.00 4.00 4.00
Hf 5.00 5.00 5.00 4.00 5.00 6.00
Nb 20.00 20.00 20.00 20.00 24.00 ...
Ni 6.00 6.00 10.00 9.00 11.00 10.00
Rb 130.00 120.00 130.00 160.00 172.00 162.00
Sc 5.10 4.70 8.50 7.90 11.20 10.70
Sr 280.00 300.00 460.00 390.00 408.00 441.00
Ta 1.00 1.00 1.00 ...
Th 12.00 13.00 14.00 14.00 17.00 17.00
U 4.90 5.00 3.90 4.30
V 30.00 31.00 71.00 70.00 88.00 75.00
Y 10.00 20.00 10.00 28.00 28.00
Zr 170.00 150.00 180.00 150.00 223.00 239.00
La 23.00 24.80 30.20 28.00 43.70 40.90
Ce 45.00 46.00 51.00 51.00 77.00 70.00
Nd 19.00 19.00 19.00 19.00 30.00 30.00
Sm 3.40 3.30 3.40 3.50 5.20 4.90
Eu 1.10 0.60 0.90 0.90 1.20 1.60
l b 0.50 0.50 0.70 0.70
Yb 2.10 1.90 1.20 1.20 2.30 2.30
Lu 0.33 0.29 0.21 0.20 0.34 0.35
Modes (percent) 
Quartz 23.80 27.00 29.70 28.30 23.7 19.6
Plagioclaie 46.30 45.00 50.30 58.20 37.6 39.6
K-Feldspar 21.90 21.30 5.70 1.80 20.1 23.7
Biocite 6.00 5.10 11.40 9.80 5.5 0.8
Hornblende 1.40 0.90 2.50 0.80 12.7 15.7
Clinopyrratene ... 0.60
Orthopyroxene . .. . . .
Magnetite 0.50 0.70 0.40 0.50 0.40 0.60
Sphene 0.10 . .. . .. . ..
Apatite
Other tr
Total 100.00 100.00 100.00 100.00 100.00 100.00
••• = not detected 
If = trace
T ab le  A-3 (continued)








Maior Elements (weight percent) 518040 523038 428074 431069 430086 436068 438085 426050
SiOj 48.20 51.50 67.80 70.20 70.30 70.80 68.40 66.93
TiOj 1.74 1.89 0.33 0.31 0.31 0.29 0.36 0.41
A 1A 18.20 16.80 16.00 15.10 15.00 15.40 15.40 16.03
F^C, 2.60 1.97 1.39 0.89 0.99 0.65 1.23 1.54
FeO 6.75 6.50 1.53 1.90 1.80 1.70 2.20 1.97
MgO 4.78 5.22 0.98 0.91 0.95 0.77 1.28 1.59
CaO 10.90 8.75 3.18 2.56 2.57 2.22 2.83 4.25
MnO 0.18 0.16 0.08 0.07 0.07 0.10 0.08 0.07
NajO 1 9 3 3.15 4.48 4.17 4.17 4.49 3.93 3.71
K20 0.97 2.06 2.76 2.92 3.08 2.63 2.72 2.82
P20 , 0.37 0.40 0.15 0.10 0.10 0.09 0.11 0.11
LOI 0.70 0.85 1.23 0.39 0.39 1.00 1.23 0.41
Total 98.32 99.25 99.91 99.52 99.73 100.14 99.77 99.86
Trace Elements (parts per m illion)
Ba 277.00 285.00 1040.00 1200.00 1200.00 1100.00 1000.00 900.00
Be 3.00 4.00 3.00 3.00 3.00 2.00 3.00 3.00
Co 32.00 31.00 8.00 6.00 6.00 5.00 8.00 9.00
Cs 2.00 5.00 2.00 2.00 2.00 1.00 2.00 3.00
Hf 3.00 4.00 4.00 4.00 3.00 4.00 3.00 4.00
Nb 27.00 23.00 16.00 10.00 20.00 . . . 20.00
Ni 23.00 52.00 8.00 15.00 13.00 16.00 17.00 11 .00
Rb 36.00 84.00 71.00 90.00 80.00 90.00 80.00 80.00
Sc 30.50 22.40 4.60 3.90 4.00 3.40 5.90 8.70
Sr 678.00 516.00 474.00 460.00 420.00 440.00 470.00 510.00
Ta 1.00 1.00
Th 1.60 3.20 7.90 6.90 7.20 7.60 6.40 17.00
U 0.80 1.10 2.40 2.00 1.90 1.90 1.70 3.90
V 268.00 217.00 40.00 33.00 38.00 30.00 59.00 72.00
Y 14.00 24.00 10.00 10.00 20.00 10.00
Zr 129.00 204.00 141.00 130.00 110.00 130.00 110.00 120.00
La 17.90 28.00 28.50 30.10 28.70 30.40 26.50 29.80
Ce 40.00 52.00 48.00 54.00 54.00 50.00 48.00 51.00
Nd 21.00 24.00 18.00 18.00 18.00 17.00 17.00 20.00
Sm 4.10 4.60 2.90 2.70 2.70 2.50 2.60 3.10
Eu 1.80 2.00 0.80 0.80 0.80 0.70 0.50 0.90
Tb 0.50 0.60
Yb 1.90 2.20 1.20 1.20 1.00 1.00 1.00 1.10
La 0.29 0.33 0.18 0.18 0.16 0.19 0.17 0.20
Modes (percent!
Quartz 0.70 31.90 28.70 27.10 32.50 30.10 25.40
Plagioclase 50.90 41.20 48.80 53.20 54.90 52.10 56.70 4 1 8 0
K-Feldspar 9.90 7.10 10.30 8.70 4.60 14.20
Biotite 3.80 23.40 7.60 4.70 5.90 4.80 4.20 10.30
Hornblende 41.30 28.90 0.00 4.30 0.60 1.60 3.80 6.70
Clinopyraxene . . . . . . . . . . . . . . .
Orthopyroxene
Magnetite 2.20 0.10 0.20 0.80 0.10 0.10 0.60
Sphene 0.80 4.70 . . . 0.10 0.10
Apatite 1.00 1.00 . . . 0.10 tr 0.10
Other _ _ .  _ 1.80 1.60 0.40 0.10 0.40 . . .





Rubidium-Strontium Isotope Data for Rocks 
from the Desolation Valley Study Area
Sample Unit Rb Sr Rb/Sr 87Rb/86Sr "Sr/^Sr
430090 di 30.5 575.0 0.053 0.153 0.706793
436063 di 48.5 610.0 0.080 0.230 0.705611
436065 di 53.2 592.0 0.090 0.260 0.705215
443068 di 82.5 554.0 0.149 0.431 0.705012
453057 di 49.0 588.0 0.083 0.241 0.705017
431057 PP 159.0 163.0 0.979 2.820 0.711489
431058A PP 138.0 71.4 1.930 5.600 0.718507
431058B PP 126.0 78.3 1.610 4.660 0.717016
445039 PP 144.0 149.0 0.965 2.800 0.713243
449057 PP 125.0 177.0 0.704 2.040 0.710067
442066 hyb 66.5 330.0 0.202 0.583 0.706324
446054B hyb 110.0 266.0 0.412 1.190 0.708354
449056 hyb 113.0 423.0 0.267 0.773 0.707035
434061 mdi 55.5 484.0 0.115 0.332 0.704973
449054 mdi 49.5 674.0 0.073 0.212 0.704855
518040 mdi 29.6 690.0 0.043 0.124 0.704536
485123 AL 46.4 631.0 0.074 0.213 0.706049
472116 DL 57.6 523.0 0.110 0.319 0.705628
476116 DL 133.0 266.0 0.501 1.450 0.707535
468066 DV 117.0 363.0 0.321 0.933 0.708889
486134 EF 5.2 1016.0 0.005 0.015 0.705599
522038 KD 163.0 366.0 0.446 1.290 0.709948
428074 TL 69.5 386.0 0.180 0.521 0.706418
426050 WL 78.1 424.0 0.184 0.533 0.706577
AL = Azure Lake granodiorite
di = dioritoid
DL = Dicks Lake granodiorite
DV - Desolation Valley granodiorite
EF = Eagle Falls complex (anorthosite)
hyb = hybrid rocks
KD = Keiths Dome quartz monzonite
mdi = microdiorite
PP = Pyramid Peak granite
TL = granodiorite of Tyler Lake
WL = Wrights Lake granodiorite
Analyses by Allen C. Robinson, U.S. Geological Survey, Menlo Park, CA.
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APPLICATION OF REMOTE SENSING TO THE 
STUDY OF GRANITOIDS IN THE 
DESOLATION STUDY AREA
INTRODUCTION
Remote sensing studies were an integral part of the research presented in this 
dissertation. The principal objective of these studies was to relate spectral signatures of 
rocks in the Desolation study area to their mineralogical and chemical compositions. A 
second objective was to provide a scientific basis for discriminating geologic units using 
remote sensing data. Landsat Thematic Mapper (TM) and Thermal Infrared Multispectral 
Scanner (TIMS) data were employed in these studies.
TIMS collects thermal infrared measurements in six spectral bands: 8.19-8.55, 
8.58-8.96, 9.01-9.26, 9.65-10.15, 10.34-11.14, and 11.29-11.56 pm (August 26, 1987 
spectral response coefficients; half-height, full width range). The instrument has an 
instantaneous field of view (IFOV) of 2.5 mrad and a total field of view of 80 degrees, 
of which 76.56 degrees are digitized in 638 8-bit samples. Energy is detected by a six- 
element mercury-cadmium-telluride detector array which is cooled by liquid nitrogen. 
Sensitivity ranges between 0.1 and 0.3 K noise-equivalent temperature difference in each 
channel at 300 K (Palluconi and Meeks, 1985). TIMS was flown aboard a NASA Lear 
let at an altitude of 12,200 m. The ground instantaneous field of view (GIFOV) at this
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elevation above terrain is 30 m. TIMS specifications during the time of data acquisition 
over the Desolation study area are summarized in Table B -l.
Line-by-line radiometric calibration is facilitated by two internal thermal reference 
sources. These consist of copper plates coated with flat black paint that are maintained 
at constant temperatures by a microprocessor. The temperatures of the calibration 
standards can be adjusted before a flight to span the range of spectral radiance expected
Table B -l
Comparative Specifications of TIMS and Landsat TM 
During Data Acquisition Over the Desolation Study Area
Specification TIMS Landsat TM
Acquisition Date 9/13/87 9/25/87
Time (PDT) 12:29 P.M. 10:30 A.M.
Platform NASA Lear Jet Landsat 5
Platform elevation
(km, MSL) 12.2 705
Platform height above
mean terrain (km) 9.6 702
IFOV (mrad) 2.5 0.043, 0.17 *
GIFOV (meters) 24 28.5, 120 *
FOV (deg.) 76.56 14.9
Swath width (km) 19 185
Pixels/line 638 6,160
Band widths (pm)
Band 1 8.15- 8.5 .45- .52
Band 2 8.6 - 8.9 .52- .60
Band 3 9.0 - 9.2 .63- .69
Band 4 9.6 -10.1 .76- .90
Band 5 10.3 -11.1 1.55- 1.75
Band 6 11.3 -11.6 10.4 -11.5*
Band 7 — 2.08- 2.35
Thermal infrared band.
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over the target. During data acquisition over the study area, the reference sources were 
maintained at 5° and 40° C. The reference sources are mounted in the scan head, one on 
each side of the scanning mirror. The mirror samples the cooler source at the beginning 
of each scan and the warmer one at the end (Palluconi and Meeks, 1985).
The Landsat Thematic Mapper is a satellite-borne instrument that collects data in 
six spectral bands in the visible and near infrared and one band in the thermal infrared 
(Table B -l). The satellite is in a near-polar sun-synchronous orbit inclined 98.2° to the 
equator at a nominal altitude of 705 km. GIFOV is 30 m in the visible and near infrared 
bands, 120 m in the thermal band. Each scene covers an area 185 km across track by 170 
km along track. Scenes are divided into four quadrants for easier data handling (Freden 
and Gordon, 1983; Sabins, 1987).
TIMS data were acquired on September 13, 1987, in two parallel flight lines that 
extended 170 km along the length of the Sierra Nevada between Lake Tahoe and 
Yosemite National Park (Fig. B -l; Mission No. 636). Landsat 5 Thematic Mapper data, 
geodetically registered to a Universal Transverse Mercator (UTM) grid, was obtained 
from EOSAT Corp. for a 100x50 km area that covers the northern half of the TIMS data 
coverage (Scene ID No. 5130318063). The Landsat data were acquired by the satellite 
on September 25, 1987, 12 days after the TIMS data, and were chosen to minimize 
temporal differences between the two data sets.
Nineteen sample sites, representing eight intrusive units, were sufficiently free of 
vegetation and soil cover to be characterized by TIMS data. Table B-2 contains major
B - 5
Figure B-l: Generalized geologic map of the northern Sierra Nevada showing locations of TIMS flight lines 
and Desolation study area.
T-r-*
VTvc
Tertiary volcanic and 
continental clastic rocks
Jurassic and Cretaceous granitoids 











Km Values and Compositional Parameters for Sample Sites
Pyramid Peak Granite Dioritoids
431057 431095 445039 416081 430090
t̂ain 8.97 8.95
Si02 72.1 72.2
ai2o 3 14.0 13.9
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Values and Compositional Parameters for Sample Sites
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Eagle Falls
Anorthosite Keiths Dome O.M 
486134 520080 522038
m̂in 9.61 9.35 9.18
Si02 49.7 64.0 63.7
A120 3 20.5 16.2 16.1
F e A 3.64 1.41 1.50
FeO 6.22 3.48 3.51
MgO 4.87 1.59 1.55
CaO 9.88 3.58 3.88
NajO 3.07 3.43 3.43
K,0 0.31 4.67 4.65
Ti02 1.32 0.59 0.60
P A 0.31 0.19 0.20
MnO 0.14 0.10 0.08
LOI 0.16 0.70 0.93
Total 100.12 99.94 100.13
SCFM 0.703 0.881 0.877
Quartz 23.7 19.6




Other 24.1 0.4 0.6
Total 100.0 100.0 100.0
Grd. of Tvler Lake
Wrights Lake 
Grd
428074 431069 438085 426050
8.91 8.99 8.77 9.12
67.8 70.2 68.4 66.9
16.0 15.1 15.4 16.0
1.39 0.89 1.23 1.54
1.53 1.90 2.20 1.97
0.98 0.91 1.28 1.59
3.18 2.56 2.83 4.25
4.48 4.17 3.93 3.71
2.76 2.92 2.72 2.82
0.33 0.31 0.36 0.41
0.15 0.10 0.11 0.11
0.08 0.07 0.08 0.07
1.23 0.39 1.23 0.41
99.91 99.52 99.77 99.8533
0.923 0.929 0.916 0.895
31.9 28.7 30.1 25.4
48.8 53.2 56.7 42.8
9.9 7.1 4.6 14.2
7.6 4.7 4.2 10.3
0.0 4.3 3.8 6.7
1.8 2.0 0.6 0.6
100.0 100.0 100.0 100.0
* SCFM = S i0 2 /  (S i0 2 + CaO + FeO + MgO) 
= Not detected
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element and modal data from these samples; locations are shown in Figure 2-2 and Plate 
1. Additional sample data are given in Appendix A. Table B-2 also provides minimum 
wavelength (X ^J values determined from the Minmap curve-fitting algorithm described 
later in this chapter.
LANDSAT THEMATIC MAPPER
A 512x512-pixel subscene of the TM data covering the Desolation study area was 
analyzed for comparison to TIMS data. Data were corrected for path radiance due to 
haze in bands 1 and 2 by subtracting brightness values observed over bodies of water 
from the entire image. No other atmospheric correction was applied and, because the data 
are geocoded to the UTM grid, no geometric correction was necessary.
Lithologic discrimination is possible to a limited extent on the basis of overall 
albedo and spectral characteristics in the visible portion of the spectrum. Most rocks in 
the area are spectrally flat in the near-infrared. Figure B-2 is a color composite of bands 
1, 2, and 3, displayed in blue, green, and red respectively, and represents data in the 
visible portion of the spectrum. Figure B-3 displays bands 2, 3, and 4 in blue, green, and 
red respectively, and simulates a false-color infrared view of the area. Figure B-4 is a 
geologic interpretation of the two images based on geologic maps of Loomis (1983), 
Fisher (1989), and mapping done as part of this study. The reader should consult Figure 
2-2 and Plate 1 for comparison.
The dioritoid bodies of Island Lake and Maude Lake are clearly visible as dark 




Figure B-4: Geologic interpretation of TM imagery of Figures B-2 and B-3. Geology 
based in part on mapping by Loomis (1983), Fisher (1989), and the 
present study.
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body and the dioritoid of Lois Lake in the northwestern part of the images. Portions of 
the Glen Alpine granodiorite are visible, but the unit is mostly obscured by vegetation. 
The thin band of dark rock separating felsic igneous rock from metasedimentary rocks of 
the Mount Tallac pendant northeast of Lake Aloha corresponds to the northwest 
protuberance of the Keiths Dome quartz monzonite. Because of its low albedo, this unit 
is not distinguishable from mafic units in the area. Metasedimentary rocks appear to be 
distinguishable from metavolcanic rocks in the Mount Tallac pendant on the basis of color 
and albedo, the metasedimentary rocks appearing reddish-brown and the metavolcanic 
rocks dark gray. Felsic igneous rocks in Desolation Valley and the Crystal Range all 
have high albedos and lack spectral features that permit discrimination. Thus the 
Desolation Valley granodiorite, Pyramid Peak granite, granodiorite of Tyler Lake, and 
Wrights Lake granodiorite all appear as one unit. Zones of pervasive limonitic staining 
in the granodiorite of Tyler Lake are easily visible in Figure B-2.
No other band combinations, ratio images, or data transformations such as 
principal components revealed any additional information that is not visible in the two 
images presented here.
LABORATORY MEASUREMENTS OF THERMAL INFRARED SPECTRA 
FROM THE DESOLATION STUDY AREA
Thermal infrared measurements between 8 and 14 pm can provide particularly 
useful data for the study of silicate rocks. In silicate mineral spectra, a Reststrahlen band, 
related to S i-0  bond stretching vibration, shifts to shorter wavelengths as the strength of 
the S i-0 bond increases. Bond strength depends on the degree of sharing of oxygen ions
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by neighboring S i04 tetrahedra and increases with the degree of polymerization in the 
silicate crystal structure. Thus, the band shifts from 11 to 9 pm in a uniform succession 
for minerals with isolated tetrahedra, chain, sheet, and framework structures, respectively 
(Lyon, 1965; Vickers and Lyon, 1967; Hunt and Salisbury, 1974, 1975, 1976; Salisbury 
and others, 1987). Spectra of silicate rocks, representing a mixture of spectra of their 
component minerals, are somewhat more complicated than individual mineral spectra, but 
the position of the Reststrahlen band generally shifts to shorter wavelengths for felsic 
rocks containing mostly tectosilicates, and to longer wavelengths for mafic rocks 
containing ino- and orthosilicates. The amplitude of the absorption band is a crude 
measure of the amount of quartz in the rock. Vickers and Lyon (1967) have published 
some spectra for silicate rocks, and Salisbury and others (1988) have provided the most 
comprehensive compilation of mid-infrared spectra for igneous rocks to date.
Spectra were measured on fresh, sawed surfaces of rocks from the Desolation 
study area using an Analect fourier transform infrared (FUR) spectrometer at the Jet 
Propulsion Laboratory (JPL), Pasadena, CA. The reflectance geometry was biconical; the 
sample was illuminated by a conical beam focused to a 1 mm diameter spot, and a 
forward-scattered conical beam was subsequently focused on a liquid-nitrogen-cooled 
mercury-cadmium-telluride detector. The sample was rotated in 0.36° increments between 
measurements about a point displaced 1 cm from the point of focus. One hundred 
measurements were made for most samples; as many as 300 measurements were obtained 
from coarse-grained specimens. Sample measurements were normalized to 100
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measurements on a satin-finished gold standard. Spectral resolution of the spectrometer 
is 4 wavenumbers (cm'1).
Figure B-5 illustrates selected FTIR reflectance spectra of samples from the study 
area. Modal and chemical data of these samples are in Table B-2. Spectra are offset 
vertically from one another for clarity; reflectance scales are indicated on each spectrum. 
Because reflectance is related to emissivity by Kirchoff’s Law for opaque substances 
(emissivity equals one minus reflectance), spectra have been inverted in Fig. B-5 to 
approximate emissivity spectra. As expected, the wavelength of emissivity minima shifts 
to higher values and amplitude decreases as rocks become more mafic.
Comparison with rock and mineral spectra published by Salisbury and others 
(1987, 1988) allows one to relate spectral features to rock mineralogy. The broad trough 
between 8.3 and 9.3 pm in spectra of more silicic rocks is due to the combined effects 
of quartz, alkali feldspar, and sodic plagioclase. The pronounced peak at 8.75 pm is a 
characteristic feature of quartz spectra and can be used as a crude measure of quartz 
content Minima at 9.3, 9.5, and 9.75 pm are features of feldspars. In more mafic rocks, 
spectral features associated with quartz and alkali-rich feldspars diminish, and spectra are 
dominated by the effects of calcic plagioclase and, to a slight degree, mafic minerals. 
The minimum at 10 pm, associated with plagioclase becomes more pronounced in these 
rocks. In the anorthosite spectrum, the minimum is a broad trough between 10 and 10.5 
pm, reflecting the highly calcic composition of the plagioclase that comprises most of the 


















Figure B-5: Analect FTIR spectra of samples from the Desolation study area. Spectra are offset vertically 
for clarity and inverted to approximate emissivity spectra.
o
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hornblende. The feature at 11.2 pm in the anorthosite spectrum is probably due to 
pyroxene.
THERMAL INFRARED MULTISPECTRAL SCANNER 
Compared to TM data, considerably more lithologic information can be extracted 
from TIMS data. In this study, a 512x512-pixel scene which defines the Desolation study 
area was analyzed using several image processing techniques which included decorrelation 
stretch, normalized emittance, alpha and thermal log residuals, and thematic mapping of 
emittance minima.
Data Reduction
Spectral measurements made by TIMS are stored on a high-density (10,000 bpi) 
magnetic tape which are formatted to data at the NASA Earth Resources Laboratory, 
Stennis Space Center, Bay St. Louis, Mississippi, and delivered to the user as a computer- 
compatible tape. Data are in the form of eight-bit digital numbers between 0 and 255, 
each digital number being linearly related to the combined ground and atmospheric 
radiance reaching the detector.
To be useful for quantitative measurements of ground radiance, kinetic 
temperature, or emissivity of the ground surface, raw TIMS data must be reduced to 
physical units of watts meter'2 steradian'1. This is done by convolving raw data with 
readings from the internal thermal reference sources and calibrated thermal response 
functions for each band. Algorithms are given in Palluconi and Meeks (1985). These
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calculations were performed at JPL with a VICAR program called TIMSCAL 2 which 
also corrects for atmospheric radiance using radiative transfer code in LOWTRAN 6 
(Kneizys and others, 1983).




T = kinetic temperature (K)
e = emissivity,
Wb = black body radiance
C, = first radiation constant (3.74 x 10'16 W*m2)
Q  = second radiation constant (0.0144 m*K)
The spectral radiance perceived by an airborne instrument (L ^ ^ )  includes contributions 
from upwelling (L ^j) and downwelling ( L ^  atmospheric radiance, and a term (x(X)) 
which represents the spectral transmittance of the atmosphere and is a measure of 
atmospheric attenuation of radiation between the ground and the sensor (Realmuto, 1990). 
Incorporating these terms into Equation 1 produces
X5 [exp (Q  /  XT) - 1] (1)
( 2 )
which can be rewritten in the form
LS(i,T) -  {£(i)Wt)(iiT) + [l-e(i)]Ld(i)}x(i) + (3 )
where i represents a TIMS channel.
LOWTRAN 6 provides estimates of L ^ ,  L ^ ,  and x(i) which can be used to correct 
instrument-perceived radiance for atmospheric radiance and attenuation to produce data 
that represent surface radiance. The atmospheric radiation factors are valid only for 
specific combinations of elevation, temperature, and humidity. An average elevation of 
8,000 ft (2,438 m) was used in the calculations and a standard mid-latitude summer model 
was employed. This model tends to overcorrect for atmospheric ozone which yields 
radiance estimates in Channel 5 that are too high. This was remedied by training on a 
25-pixel portion of Lake Aloha (elevation 8,116 ft, 2,474 m) and calculating its 
temperature from Planck’s Law, assuming a constant emissivity of 0.98 for all channels. 
Ozone values were adjusted in the model atmosphere until calculated lake temperatures 
varied by no more than 0.1 K for all six bands. The corrected model atmosphere was 
then applied to the entire scene to produce a surface radiance data set (Fig. B-6).
Decorrelation Stretch
Nearly all of the variation in radiant spectral flux in a TIMS image is due to 
differences in surface temperature; very little variation results from differences in 
emissivity of the surface. This leads to a very high degree of band-to-band correlation 
(Fig. B-6) which results in very low color saturation in multi-band composite images. 
Stretching such images in RGB space does not produce significant improvement.
B-20
Figure B-6: Calibrated TIMS surface radiance images of the Desolation study area. Note the high degree 
of band-to-band correlation in the data.
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One of the most useful methods of enhancing variations due to emissivity 
differences and suppressing effects of surface temperature is the decorrelation stretch 
(Kahle and others, 1980; Gillespie and others, 1986). In this procedure, a Karhunen- 
Loeve principal components transformation is applied to the data set, rotating and 
translating the data to a new system of statistically independent axes which are the 
principal components (axes of maximum variance) of the data set. The data can then be 
stretched along these axes to maximize color saturation, then transformed back to the 
original coordinate system for display. The result is an image that represents variations 
in surface emissivity by hue, and surface temperature by intensity.
Figure B-7 is a decorrelation stretch image of the Desolation study area in which 
bands 1, 3, and 5 are displayed in blue, green, and red, respectively. Figure B-8 is a 
geologic interpretation of this image based on geologic maps of Loomis (1983) and Fisher 
(1989) and on reconnaissance studies done as part of this dissertation. Areas that appear 
red in the image correspond to felsic igneous rocks; areas in blue and purple to mafic 
rocks; and areas in magenta and lavender to intermediate compositions. Vegetated areas 
appear green to turquoise -  the former corresponding to coniferous forests and the latter 
to areas covered by woody deciduous shrubs, chiefly manzanita.
Dioritoid bodies in the Crystal Range suite appear clearly in the decorrelation 
stretch image, including the Lake Sylvia body which lies farthest to the southeast. This 
body was first identified in this image and later verified in the field. It does not appear 
on Loomis’ (1983) geologic map probably because it is almost obscured by low-lying 
shrubs, grasses, and soil cover (see Fig. 3-17). Apparently, TIMS detected a mafic rock
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Figure B-7: TIMS decorrelation stretch image of the Desolation study area. Bands 1 , 3 , 5  = blue, green, 
and red, respectively.
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study.
B-24
signature from scattered outcrops, rock litter, and soil. This signature was modified by 
the gray-body signature of the vegetation, resulting in lower color saturation than the 
other bodies. Vegetation may have already deciduated by the time of data acquisition, 
facilitating detection of the mafic substrate.
Figure B-7 also reveals a sinuous band of felsic rock within the Dicks Lake mafic 
granodiorite northwest of Gilmore Lake. This corresponds to a highly siliceous 
granodiorite which might be a facies of the Dicks Lake granodiorite or a distinct 
intrusion. It does not appear on Loomis’ (1983) geologic map and is not distinguishable 
from the surrounding mafic rock on air photos, TM imagery, or in outcrop, but only in 
freshly broken hand specimens.
The Desolation Valley and Wrights Lake granodiorites, Pyramid Peak granite, and 
granodiorite of Tyler Lake all have high quartz and low mafic mineral content and all 
appear red in Figure B-7. They are indistinguishable from one another in the image.
The Glen Alpine granodiorite appears as a pale orange oval southeast of Gilmore 
Lake. This pluton is moderately vegetated, chiefly in pine and manzanita, and, like the 
Lake Sylvia dioritoid, the gray-body signature of vegetation lowers color saturation. This 
affect also occurs in the Keiths Dome quartz monzonite which is also moderately 
vegetated over much of its area but color saturation is low, even where glaciated, sparsely 
vegetated surfaces are imaged. In these areas, exposures tend to be mantled by rock 
rubble whose interstices may act as cavity radiators which would add a black body 
signature to that of the rock. Lichen, which partially covers many outcrops, would also 
diminish color saturation. The unusually high hornblende content for a rock so quartz-
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rich produces a magenta to lavender hue for the Keiths Dome quartz monzonite. The 
hornblende-rich Dicks Lake granodiorite also appears in magenta to lavender.
Near the northern comer of the image is a small blue patch that corresponds to a 
well-exposed glacial knob of anorthosite of the Eagle Falls complex. Some scattered blue 
areas to the southwest of this knob might represent a dioritoid body mapped by Loomis 
(1983).
Figure B-9 is a decorrelation stretch image of TIMS data which was registered to 
TM data. A vegetation mask was created from a TM band 4/3 ratio image by first 
finding a threshold on a histogram that separated high values, associated with vegetation, 
from low values associated with rock and soil. A value was found that produced an 
image that closely matched the distribution of vegetation perceived in a 4-3-1 (R, G, B) 
TM color composite. Pixels in the ratio image whose values were greater than the 
threshold were assigned a value of 0; lower values were assigned a value of 1. The 
resulting image was multiplied by the coregistered TIMS image to produce a TIMS image 
in which vegetated areas appeared black. A decorrelation stretch was then done in which 
only the principle components of the rock fraction of the image were used. 
Predominantly vegetated areas appear black in the image; bodies of water appear bright 
green. As in Figure B-7, felsic rocks appear red and mafic rocks appear blue. The 
overall result is a general increase in color saturation and clearer distinction between 
mafic and felsic rocks, especially in the Crystal Range. Many of the subtle features of 




no longer visible, and most of the area of the Keiths Dome quartz monzonite is also 
masked.
Normalized Emittance
Estimates of emissivity are recovered from TIMS surface radiance data by solving 
Planck’s Law (Equation 1) for each spectral measurement. This results in a system of six 
equations with seven unknowns: kinetic temperature and six emissivity values. The 
model emittance approach developed by Kahle and others (1980) assumes a constant 
emissivity of 0.93 for band 6 for all pixels and solves Equation 1 for temperature. This 
temperature value is then used to solve Equation 1 for emissivity in the remaining 
channels. The assumption of a constant emissivity of 0.93 in band 6 is valid for felsic 
igneous rocks based on laboratory spectra, but breaks down in areas of mafic rocks 
because of the shift of the Reststrahlen feature to longer wavelengths. For mafic rocks, 
assuming a constant emissivity in band 1 would be more appropriate (Gillespie, 1986).
The normalized emittance approach developed by Realmuto (1990) was adopted 
in this study because it provides accurate emittance spectra for a wide range of 
compositions and yields better estimates of temperature than the model emittance 
technique (Hook and Kealy, 1991). Normalized emittance spectra are calculated by 
assuming a constant emissivity for all bands for each pixel and solving Equation 1 for 
temperature in each band. An emissivity value of 0.95 was chosen for the Desolation 
study area. The greatest of the six temperature measurements is assumed to be correct 
and is used to calculate emissivity in the remaining bands. Maximum temperatures were
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derived in band 6 for most pixels over igneous terrane in the Desolation study area, and 
spectra resemble model emittance spectra. Over some areas of mafic igneous rocks, 
however, maximum temperatures were found in band 1.
Figure B-10 displays normalized emittance variation in the Desolation study area 
for each spectral band, and Figure B - ll  is a color composite of bands 1, 3, and 5 
displayed in blue, green, and red, respectively. Felsic igneous rocks appear dark red in 
this image; mafic rocks appear blue. Vegetated areas and bodies of water are spectrally 
flat and appear gray. Table B-3 and Figure B-12 illustrate six-point emittance spectra 
corresponding to the 19 sample sites of Table B-2. Each spectrum is an average of a 
3x3-pixel subscene centered on the sample site. Emittance minima shift to longer 
wavelengths and amplitudes decrease in these spectra as compositions become more 
mafic.
Overall, the normalized emittance image of Figure B - ll  contains less information 
than the decorrelation stretch image of Figure B-7. Felsic igneous rocks are displayed 
clearly because of the large amplitudes of their spectra, but areas of mafic igneous rocks 
are barely visible because their low-amplitude spectra produce poor color saturation and 
low contrast. Little information can be derived from partially vegetated plutons such as 
the Keiths Dome quartz monzonite and Glen Alpine granodiorite.
Alpha Coefficients and Thermal Log Residuals
Emittance spectra may also be extracted from TIMS surface radiance data by the 
alpha coefficients (Kealy and Gabell, 1990) and thermal log residual (Hook and others,
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Figure B-10: Normalized emittance images of the Desolation study area.

Table B-3
Normalized Emittance Spectra for Sample Sites 
in the Desolation Study Area
Sample Unit Band 1 Band 2 Band 3 Band 4 Band 5 Band 6
416081 Jdi 0.917 0.901 0.878 0.907 0.930 0.949
430090 Jdi 0.921 0.907 0.890 0.910 0.935 0.949
436065 Jdi 0.940 0.938 0.923 0.939 0.946 0.945
446054A Jdi 0.917 0.898 0.882 0.904 0.920 0.951
453057 Jdi 0.925 0.907 0.893 0.896 0.924 0.949
431057 Jpp 0.902 0.887 0.869 0.914 0.938 0.949
437102 Jpp 0.891 0.876 0.861 0.908 0.939 0.949
445039 Jpp 0.880 0.859 0.846 0.895 0.937 0.949
453066 Jdv 0.908 0.900 0.889 0.919 0.937 0.949
468066 Jdv 0.907 0.897 0.882 0.921 0.944 0.949
520080 Jkd 0.933 0.926 0.918 0.928 0.946 0.948
522038 Jkd 0.916 0.905 0.891 0.919 0.939 0.949
472116 Kdl 0.931 0.917 0.909 0.930 0.945 0.949
476116 Kdl 0.877 0.862 0.852 0.896 0.931 0.949
486134 Kef 0.944 0.934 0.926 0.930 0.937 0.948
428075 Ktl 0.865 0.849 0.834 0.891 0.930 0.950
431069 Ktl 0.865 0.842 0.832 0.883 0.927 0.950
437086 Ktl 0.869 0.854 0.841 0.901 0.937 0.950
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Figure B-12: Normalized emittance spectra of selected sample sites in the Desolation study area.
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1990) methods. Alpha coefficients are calculated from W ien’s approximation of the 
Planck function
eA
1^ = -------------------- C4 -)
V  exp(CAT)
where:
Lt = surface radiance 
i = band number 
£; = emittance
Xj = wavelength 
Ci = first radiation constant/n 
Q  = second radiation constant 
Taking logarithms and multiplying each equation by
^lnLj = Xjln £j + Xjln C, + S^ln \  (5)
isolates the temperature term. Calculating the mean of the equation set for the six bands,
1 ‘ 1 * In C, * 5 « C2
~ A,jln Lj = — 2 -i X̂ ln Ej + £  + — £  A.jlnXj - (6)
6 i 6 i 6 , 6 j T





X Âln Lj = Âln +  X̂ln Ct - 5Xjln \
1 * In Q  6 5 6
X Adn £j - X A,i + — X XjlnÂ (7)
cancels out the temperature term and creates six equations with variables in L„ e*, and 
Rearranging terms so that unknown variables are on the left side, a new variable is 
defined, ctj,
where Q  is a constant that consists of the last four elements of Equation 8.
Alpha spectra are similar in shape to normalized emittance spectra and may be 
used to determine positions and depths of absorption features. They differ from 
normalized emittance spectra in their absolute values; alpha spectra always have means 
of zero regardless of emissivity values used to derive them. Although the calculation 
produces temperature-independent spectra, the equation set remains underdetermined. The 
missing information is confined to the mean value.
Figure B-13 shows alpha residual images for each spectral band, and Figure B-14 
is a color composite of bands 1, 3, and 6 displayed in blue, green, and red, respectively. 
Although this image is more colorful and pleasing to the eye than the normalized
^ln e t - -  X A4n e, = tx = AJnL; - -  X X̂ ln L( + Q ( 8)
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DESDLATIDN VALLEY TINS ALPHA RESIDUALS
Figure B-13: Alpha residual images of the Desolation study area.
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emittance image of Figure B - l l ,  it contains no additional information. Mafic bodies in 
the Crystal Range suite are slightly more visible, but spectral information for the Glen 
Alpine and Dicks Lake granodiorites and the Keiths Dome quartz monzonite are still 
lacking.
Table B-4 and Figure B-15 illustrate alpha residual spectra for the 19 sample sites 
in the study area. Each spectrum is an average of a 3x3-pixel subscene centered on the 
sample site. As was the case for normalized emittance spectra, alpha residual minima 
shift to longer wavelengths and amplitudes decrease as compositions become more mafic.
Thermal log residual spectra are calculated according to an almost identical 
procedure and consequently share most attributes with alpha spectra. The chief difference 
is that in the third step, the equation is manipulated with a set of means derived from the 
entire data set (Hook and others, 1990).
Thermal log residual images in Figures B-16 and B-17 are virtually identical to 
alpha residual images and offer no additional information. Thermal log residual spectra 
corresponding to sample sites (Table B-5, Fig. B -18) are similar to alpha spectra, differing 
only slightly in shape.
Correlation of Emittance Spectra and Rock Composition
In order to take advantage of the systematic shift of Reststrahlen features in 
thermal infrared spectra with igneous rock composition in interpreting TIMS data, it is 
necessary to estimate the position of emittance minima. Gillespie (1986) suggested a 
curve-fitting technique and found good correlation between silica content of igneous rocks
Table B-4
Alpha Residual Spectra for Sample Sites in the Desolation Study Area
Sample Unit Band 1 Band 2 Band 3 Band 4 Band 5 Band 6
416081 Jdi 8.53E-08 -9.83E-08 -3.63E-07 -1.15E-07 1.21E-07 1.56E-04
430090 Jdi 6.61E-08 -9.92E-08 -2.87E-07 -1.32E-07 1.28E-07 3.23E-07
436065 Jdi 4.07E-08 6.65E-0 -1.53E-0 -2.04E-08 5.75E-08 6.83E-08
446054A Jdi 1.10E-07 -9.78E-08 -2.91E-07 -1.28E-07 1.65E-08 3.90E-07
453057 Jdi 1.37E-07 -5.19E-08 -2.17E-07 -2.51E-07 3.12E-08 3.51E-07
431057 Jpp -2.40E-08 -2.00E-07 -4.17E-07 -5.49E-09 2.45E-07 4.02E-07
437102 Jpp -6.65E-08 -2.53E-07 -4.49E-07 -9.03E-09 3.18E-07 4.60E-07
445039 Jpp -7.47E-08 -3.28E-07 -5.11E-07 -5.18E-08 4.03E-07 5.62E-07
453066 Jdv -4.25E-08 -1.49E-07 -2.88E-07 -1.55E-08 1.64E-07 3.31E-07
468066 Jdv -5.39E-08 -1.73E-07 -3.59E-07 -3.50E-10 2.50E-07 3.36E-07
520080 Jkd 2.75E-08 -5.49E-08 -1.51E-07 -8.05E-08 1.04E-07 1.55E-07
522038 Jkd 4.70E-09 -1.23E-07 -2.97E-07 -5.26E-08 1.63E-07 3.04E-07
472116 Kdl 3.96E-08 -1.15E-07 -2.11E-07 -3.56E-08 1.30E-07 1.91E-07
476116 Kdl -1.03E-07 -2.96E-07 -4.48E-07 -4.74E-08 3.32E-07 5.62E-07
486134 Kef 9.79E-08 6.02E-11 -1.03E-07 -9.33E-08 -2.63E-08 1.25E-07
428075 Ktl -1.34E-07 -3.40E-07 -5.55E-07 -1.03E-08 3.98E-07 6.42E-07
431069 Ktl -8.81E-08 -3.75E-07 -5.40E-07 -6.77E-08 3.92E-07 6.79E-07
437086 Ktl -1.43E-07 -3.46E-07 -5.34E-07 3.20E-08 4.09E-07 5.81E-07
426050 Kwl -6.03E-08 -2.74E-07 -4.25E-07 -2.94E-08 2.98E-07 4.90E-07
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Figure B-15: Alpha residual spectra of selected sample sites in the Desolation study area.
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Figure B-16: Thermal log residual images of the Desolation study area.
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Figure B-17: Thermal log residual color composite of the Desolation study area. Bands 1, 3 ,6  = blue, 
green, and red, respectively.
Table B-5
Thermal Log Residual Spectra for Sample Sites 
in the Desolation Study Area
Sample Unit Band 1 Band 2 Band 3 Band 4 Band 5 Band 6
416081 Jdi 1.0101 0.9955 0.9796 0.9913 1.0044 1.0197
430090 Jdi 1.0081 0.9954 0.9873 0.9896 1.0051 1.0149
436065 Jdi 1.0055 1.0063 1.0011 1.0019 0.9978 0.9887
446054A Jdi 1.0127 0.9955 0.9868 0.9900 0.9936 1.0218
453057 Jdi 1.0156 1.0002 0.9943 0.9804 0.9951 1.0178
431057 Jpp 0.9989 0.9851 0.9741 1.0022 1.0172 1.0231
437102 Jpp 0.9945 0.9798 0.9710 1.0021 1.0249 1.0293
445039 Jpp 0.9937 0.9723 0.9648 0.9985 1.0338 1.0401
453066 Jdv 0.9970 0.9903 0.9871 0.9991 1.0088 1.0157
468066 Jdv 0.9958 0.9878 0.9801 1.0037 1.0178 1.0162
520080 Jkd 1.0042 0.9999 1.0011 0.9948 1.0026 0.9975
522038 Jkd 1.0018 0.9930 0.9863 0.9968 1.0087 1.0129
472116 Kdl 1.0054 0.9938 0.9950 0.9994 1.0053 1.0012
476116 Kdl 0.9908 0.9756 0.9711 0.9982 1.0264 1.0402
486134 Kef 1.0115 1.0056 1.0061 0.9935 0.9893 0.9944
428075 Ktl 0.9877 0.9711 0.9604 1.0020 1.0333 1.0486
431069 Ktl 0.9923 0.9676 0.9619 0.9961 1.0327 1.0526
437086 Ktl 0.9868 0.9705 0.9626 1.0064 1.0345 1.0421
426050 Kwl 0.9952 0.9777 0.9734 0.9995 1.0227 1.0324
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Figure B-18: Thermal log residual spectra of selected sample sites in the Desolation study area.
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and the median wavelength of Gaussian curves fitted graphically to TIMS model 
emittance spectra.
MINMAP is a Gaussian-curve-fitting algorithm developed by Vincent Realmuto 
of the Jet Propulsion Laboratory which numerically models Gaussian curves to normalized 
emittance spectra derived from calibrated TIMS data. The algorithm produces images that 
depict variation in the position of minimum emittance (A ^J, the emittance value 
corresponding to A^to (em J  which is a measure of the amplitude of the Gaussian function, 
and the area under the curve. MINMAP proceeds by first converting emittance values 







where tr^ is the amplitude of the function (l-emin), m2 is the position of the maximum 
value of the function ( A ^ ,  and m3 is the area under the function. Curve-fitting is done 
iteratively, minimizing the least-squares misfit.
Figure B-19 is a 32-color density slice image representing variation in A ^  values 
in the study area. Areas in green represent low values, corresponding to felsic igneous 
rocks, and areas in yellow and red represent longer wavelengths, corresponding to more 
mafic rocks and to vegetated areas. Comparing this image to Figures B-6 and B-7, it is 
apparent that the image corresponds closely to the geology of the area. Mafic bodies in
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the Crystal Range suite are clearly visible, as are exposures of anorthosite and the 
leucocratic facies of the Dicks Lake granodiorite.
Values of A ^  representing sample sites are strongly correlated to S i02 and quartz 
content and to Walter and Salisbury’s (1989) SCFM parameter (SCFM = 
SiO^SK^+CaO+FeO+M gO), and moderately correlated to hornblende content (Table B- 
6, Fig. B-20). Using natural breaks in the A^JSiOj distributional 9.15 and 9.35 pm, 
a three-color thematic map was developed from the density-sliced image (Fig. B-21). Red 
areas in this image represent \ nm values of 8.75-9.15 pm, corresponding to rocks with 
S i02 greater than 64 percent. Green areas indicate wavelengths between 9.15 and 9.35 
pm, corresponding to rocks which have 56-64 percent S i02. Blue areas represent 
wavelengths greater than 9.35 pm, corresponding to rocks with less than 56 percent S i02.
Table B-6
Correlation Coefficients of A ^  Versus 
Chemical and Modal Parameters
SCFM * - 0.87 k 2o -0.61
S i0 2 - 0.89 T i0 2 0.79
A1203 0.74 Quartz - 0.92
Fe20 3 0.77 Plagioclase 0.43
FeO 0.88 K-Feldspar -0.42
MgO 0.84 Biotite 0.28
CaO 0.85 Hornblende 0.64
Na20 -0.47
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Figure B-20: Graphs showing correlation of compositional parameters to X min.
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Figure B-21: Three-color thematic map showing variation of A.min in the Desolation study area. Areas in 
red represent values of 8.75-9.15 pm, corresponding to rocks with SiC>2 >64%; green, 




Mafic bodies in the Crystal Range suite appear as blue areas with green fringes, which 
probably results from mixed spectral signatures from diorite and granite at intrusive 
contacts and possibly the effects of rock debris from one unit moving down slopes and 
partially mantling exposures of the other lithology. The Keiths Dome quartz monzonite 
is delineated more clearly than in any other image examined. It appears in a mottled 
pattern of green, red, and blue. The northwest protuberance east of Lake Aloha is clearly 
defined. The Glen Alpine granodiorite appears as a predominantly red oval area with 
patches of white and black. Exposures of anorthosite and the leucocratic band in the 
Dicks Lake granodiorite are also delineated.
Figure B-22 represents variation in in the study area. Red represents 
values between 0.80 and 0.85; green between 0.85 and 0.90, and blue between 0.90 and 
0.95. Low Enjin values reflect deeper absorption features which characterize spectra from 
quartzose rocks. Larger values reflect spectrally flat surface materials. Thus, mafic 
rocks, vegetation, and bodies of water all appear blue and cannot be discriminated. Areas 
in red and yellow represent a map of vegetation-free granitoids.
CONCLUSIONS
For the first time, images have been constructed from TIMS data that can be 
quantitatively related to igneous rock compositions. values correlate with chemical 
parameters S i0 2 and SCFM as well as with FeO, MgO, and CaO. Because the latter three 
parameters correlate with silica, their apparent relationship to is secondary. Xmm also
Figure B-22: Three-color thematic map showing variation of £min in the Desolation study area. Areas in 
red corresnond to £ values of 0.80-0.85: vellow, 0.85-0.90; blue, 0.90-0.95.
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correlates well with modal quartz and hornblende, which is consistent with laboratory 
spectra of igneous rocks (Salisbury and others, 1988). Quartz strongly influences thermal 
spectra of rocks because of its deep Reststrahlen band between 8 and 9 pm. An 
abundance of hornblende, a chain silicate, shifts A ^  to longer wavelengths. Rocks that 
have abundant quartz and hornblende should have intermediate A ^  values.
Observed correlations between Amm and chemical and modal parameters are 
consistent with hues observed in decorrelation stretch images. Rocks that are rich in 
quartz and have low mafic mineral content appear red, indicating lower brightness values 
in band 1 than in band 5. Conversely, rocks that contain abundant mafic minerals, 
particularly hornblende, and are poor in quartz appear blue, indicating low brightness 
values in band 5. Rocks that contain abundant quartz and hornblende, such as the Keiths 
Dome quartz monzonite and Dicks Lake granodiorite, appear in shades of magenta and 
lavender. Interestingly, the Keiths Dome quartz monzonite is very similar chemically 
to the Desolation Valley granodiorite but differs markedly modally. Its high hornblende 
and intermediate quartz content are believed to be primarily responsible for its magenta 
hue in the decorrelation stretch image.
Landsat Thematic Mapper imagery has limited utility in discriminating plutonic 
rocks. Fresh exposures of most rocks are spectrally flat in the visible and near infrared 
and provide little basis for lithologic discrimination. Spectral differences are restricted 
primarily to the visible bands and to differences in albedo. Color differences detected by 
TM reflect varying concentrations of iron oxides and hydroxides in rocks which are 
products of weathering and alteration and have little relationship to rock composition.
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AVIRIS imagery would improve spectral resolution of oxidized and altered exposures but 
would add no new information on discrimination of unaltered plutonic rocks.
